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The New Zealand Dryland Forests Initiative (NZDFI), aims to establish a sustainable natural durable 
timber industry in New Zealand. The natural durability of heartwood is highly variable within a 
species and lower at the centre of a tree. Therefore, it is critical to ascertain that trees meet 
international standards for durability to ensure a viable industry based on plantation grown naturally 
durable Eucalyptus. A strategy to ensure that wood from future plantings meet industry requirement is 
to select superior genotypes in a breeding programme. Several Eucalyptus species have been planted 
by NZDFI, but the primary focus is on E. bosistoana as it is a class 1 durable timber.  
Little is known about the heartwood formation in young trees. It is possible that the young trees do not 
have true heartwood, but an extended transition zone, the zone between sapwood and heartwood 
where parenchyma cells remain alive synthesising heartwood extractives. Therefore, the wood quality 
research of NZDFI needs to ensure that the young trees have formed true heartwood. Understanding 
heartwood formation is critical for the success of a plantation forest industry aiming to produce 
ground-durable timber. The objective of chapter-2 was to identify conventional and confocal 
microscopy methods, which allow the observation of cell organelles and the chemical composition in 
E. bosistoana parenchyma cells before and after heartwood formation. Nuclei, microtubules and 
peroxisomes in parenchyma cells of 2-year-old E. bosistoana stems were visualised by confocal 
microscopy combined with optimised immunolabelling protocols. Iodine/potassium iodide stained 
starch (amyloplasts), while amido black stained proteins in sapwood. Fluorescence emission spectra 
confirmed the presence of chloroplasts in xylem parenchyma of 2-year-old E. bosistoana. 
Fluorescence emission spectral (lambda) scans showed differences between parenchyma and fibre 
cells as well as sapwood and heartwood. The physiological changes between sapwood and heartwood 
visualised in parenchyma cells helped the understanding of heartwood formation in young E. 
bosistoana trees.  
As part of an E. bosistoana breeding programme, the hypothesis of prolonged transition from 
sapwood to heartwood in young E. bosistoana trees, resulting in a wide transition zone has been 
tested in chapter-3. This needs to be considered when assessing trees for heartwood quantity and 
quality. Heartwood formation was investigated in radial profiles in cores from bark to bark of 6-year-
old trees with conventional and confocal microscopy, and with a range of different staining techniques 
that visualised the physiological changes taking place in the parenchyma cells. Immunolabelling with 
antibodies against histone proteins and α-tubulin, histochemical staining using iodine/potassium 
iodide and fluorescence emission spectral scanning, demonstrated that in heartwood nuclei, 




year-old E. bosistoana trees contained heartwood. The loss of water conductivity by tyloses and the 
death of the parenchyma cells occurred in close proximity resulting in a transition zone of ~1 cm. 
A key feature of heartwood is the formation of extractives that impart natural durability, a sought after 
wood property. The durability between trees is highly variable. Apart from the quantity of heartwood 
extractives in the wood, the chemical composition of the extracts varies. Therefore, the objective of 
NZDFI is to select young E. bosistoana trees with the most potent extracts for next generation 
durability improvement.  
Chapter-4 describes the development of an antifungal assay to determine the bioactivity of E. 
bosistoana heartwood extracts against a white rot (Trametes versicolor) and a brown rot (Coniophora 
cerebella). The most suitable procedure was to spread dimethyl sulfoxide (DMSO) solutions of 
extract onto solidified agar, inoculate with fungi and calculate the growth rate (cm/h) by fitting a 
linear regression for the diameter of fungi against time. Controls were needed to normalise the fungal 
growth, i.e. calculating a relative growth rate, to account for the variation in growth conditions 
between different runs. 
Chapter-5 describes the variability in bioactivity and chemical composition of E. bosistoana 
heartwood extracts between individual trees grown on two different sites (Lawson and Craven Road). 
Statistical methods combining the results of the fungal assays and the quantitative gas 
chromatography (GC) of the extracts allowed the investigation of bioactive compounds. The 
bioactivity of extracts was assessed against white rot (Trametes versicolor) and brown rot 
(Coniophora cerebella). Ethanol extracts from E. bosistoana heartwood were less effective on the 
white rot than against the brown rot. Variability in the bioactivity of extracts against the two fungi 
was observed between the trees. A small site effect in the bioactivity was found for the white rot but 
not the brown rot. Bioactivity of the extracts against the white rot was not correlated to that against 
the brown rot. The absence of such a relationship indicated that the two fungi were affected by 
different heartwood compounds. Thirty two compounds were quantified in E. bosistoana ethanol 
extracts by GC, of which six (benzoic acid, hexadecanoic acid, 1,5-dihdroxy-12-methoxy-3,3-
dimethyl-3,4-dihydro-1H-anthra[2,3-c] pyran-6,11-dione, octadecanoic acid, polyphenol and beta-
sitosterol) were identified. Significant variability in eight compounds (out of the 32) was found 
between the two sites. Multivariate (PLSR) analysis identified compounds at retention times 10.2 and 
11.5 min (hexadecanoic acid) to be most related to the bioactivity of the E. bosistoana heartwood 
extracts against white rot and brown rot.  
Breeding programmes benefit from early assessment, enabling short breeding cycles. While trees only 
form heartwood when several years old, wounds can be induced at a young age. As wound reaction 
has some similarities to heartwood formation the objective of chapter-6 was to investigate if the 




features. 1.6-year-old individuals from 27 E. bosistoana families with known heartwood diameter and 
extractive content were wounded and the axial wound reaction was correlated to the known 
heartwood features. No correlation between wound reaction and heartwood features in E. bosistoana 
families was found. Wound reaction was under weak genetic control. Therefore, it seems to be not 
possible to assess heartwood formation early in a breeding programme by measuring the axial wound 
response in 1.6-year-old E. bosistoana trees. 
Furthermore, two families with small and large wound reaction were selected to characterise 
physiological and chemical variations in woundwood, heartwood and sapwood by microscopy and gas 
chromatography. Microscopic observations revealed the absence of starch and that vessels were 
occluded with tyloses in woundwood and heartwood. Morphological features were not discernible by 
eye between the families with large and small wound reaction. Gas chromatography revealed 













1.1 New Zealand Dryland Forests Initiative’s (NZDFI) Eucalyptus breeding 
programme 
The plantation forests in New Zealand are dominated by radiata pine (Pinus radiata) and Douglas fir 
(Pseudotsuga menziesii) that account for 95% of 2 million hectares estate (Apiolaza et al., 2011). 
Eucalyptus plays a minor role in the plantation forests of New Zealand. Eucalyptus plantations in 
New Zealand cover nearly 25,000 hectares forests and accounts for 1% of timber production in New 
Zealand (Nicholas & Millen, 2012). 
A collaborative Eucalyptus breeding and forestry research project was commenced by NZDFI in 
2008, with a vision to establish a sustainable naturally durable timber industry in New Zealand to 
supply timber for a wide range of agricultural and land-based industrial applications. Currently such, 
naturally durable timbers are often supplied from unsustainable tropical forests (Ballekom & Millen, 
2017). In order to meet the requirements of domestic and international markets, the NZDFI will need 
to produce high quality durable timber for use as posts, poles and utility cross-arms as well as heavy 
structural applications such as jetties, bridges and rail sleepers.  
The forestry industry of New Zealand relies heavily on P. radiata. However, P. radiata does not 
produce natural durable heartwood. Thus, radiata pine products e.g. poles for vineyards are treated 
with inorganic water-based preservative like Copper-Chrome-Arsenate (CCA) to protect the non-
durable timber against biodegradation. The global restriction on the use of this preservative 
(Townsend et al., 2004) opens the opportunity for NZDFI to introduce, select and cultivate some 
natural durable timbers. Natural durability and strength are the properties together with the ability to 
grow in the NZ climate, made Eucalyptus an obvious choice (Millen et al., 2018). NZDFI has selected 
three Eucalyptus species (E. bosistoana, E. globoidea and E. quadrangulata) fulfilling these criteria, 
after testing more than 20 for their suitability in NZ conditions (Millen et al., 2018). From the three 
selected species, the first focus is on E. bosistoana due to its Class 1 durable timber (Australian 
Standard, AS5606-2005), exceptional high stiffness and strength (Bootle, 2005) and its ability to 
coppice vigorously (Nicholas & Millen, 2012). A 9-year-old E. bosistoana plantation is shown in 
figure 1.1. 
E. bosistoana commonly known as Coast Grey Box or Gippsland Grey Box has a small rounded 
crown. It is an evergreen tree with creamy-white flowers from November to February. It is 




at least 1.5 metres. E. bosistoana occurs within a latitudinal range of 33-37.5°S and at altitudes 
between sea level and 500 m (Nicholas & Millen, 2012). E. bosistoana covers coastal mixed forests 
along the South East coast of Australia between New South Wales, west of Sydney to eastern 
Gippsland, and mainly thrives well on river flats (Boland et al., 2006). The tree thrives well on fertile, 
well-drained soils, including clay and limestone. The timber is very hard and durable (Class 1) with 
interlocked grain. The heartwood appears light-brown to pink and has a wide spectrum of utilization 
in poles, cross arms, railway sleepers, fences (Bootle, 1983) and in heavy construction (Boland et al., 
2006).  
 
Figure 1.1: 9-year-old NZDFI breeding trial of E. bosistoana after pruning. 
 
1.2 Research background  
A key feature of heartwood is the formation of extractives that imparts natural durability, a sought 
after wood property. It is well known that the natural durability of heartwood is a) highly variable 
within a species (e.g. in E. globulus) (Pereira, 1988) and b) lower at the centre of a tree (AS5604, 
2005; Sherrard & Kurth, 1933). Therefore, it is critical to ascertain that trees meet international 
standards for durability (AS5604, 2005; EN350-1, 1994) to ensure a viable industry based on 
plantation grown naturally durable Eucalyptus. The strategy to ensure that wood from future plantings 




NZDFI wood quality research involves rapid assessment of wood durability for Eucalyptus species 
(Millen et al., 2018). In the first instance young trees are screened for the amount of extractives in the 
heartwood by quick spectroscopic assessments (Li, 2018). However, it is necessary to ascertain that 
the young trees have formed true heartwood when they are assessed. Furthermore, heartwood 
formation commences only after ~5 years in E. bosistoana, resulting in considerable time delays in a 
breeding programme. A breeding programme and the NZDFI vision would benefit from a shorter 
breeding cycle, which might be possible by measuring the wounding response in younger trees, as the 
extractives deposited in woundwood originate from a similar metabolic pathway as in heartwood. 
Last, the natural durability of heartwood is not only dependent on the amount of extractives, but also 
their composition in the heartwood. Identifying key bioactive compounds would allow further 
improvement of natural durability.  
1.3 Wood formation 
Wood represents a major advance in plant evolution, accounting for 95% of the total tree biomass 
(Celedon & Bohlmann, 2017). It is a sustainable and renewable primary product that continues to be 
used for the production of fuel, pulp, paper and timber as well as the manufacture of secondary woody 
products. The formation of wood starts by mitosis in the vascular cambium followed by xylogenesis, 
where thin walled cambial cells develop into water conducting tubes with lignified cell walls (xylem 
vessels) as well as cells providing mechanical support (xylem fibres) and storage (xylem 
parenchyma). During primary cell wall formation the cambial cells differentiate and increase in length 
and width. Secondary cell wall formation results in increased wall thickness. Vascular development in 
woody plants includes both formation and senescence of tissue. It is a coordinated expression of 
numerous genes involved in cell division, cell expansion (elongation and radial arrangement), cell 
wall thickening (biosynthesis of cellulose, hemicelluloses, cell wall proteins and lignin), programmed 
cell death, and heartwood formation in some tree species (Plomion et al., 2001). Although, wood 
formation has been extensively studied, there still exists only a limited understanding of the process 
(Barnett & Jeronimidis, 2003).  
The vascular cambium mainly consists of two types of cells: fusiform cells (elongated vertically) give 
rise to the axial cell system and ray initials (radially elongated) produce the radial cell system of wood 
(Evert, 2006). The cambial cells divide to form secondary phloem to the outside and secondary xylem 
to the inside. The non-living secondary xylem resumes its biological activity by an interconnected 
network of radial and axial cells linking xylem and phloem. The parenchyma cells remain alive in 
sapwood contributing to the transport of water, dissolved gases and organic nutrients in wood. The 
specialized cells (fibres, vessels and tracheids) are dead in sapwood by losing their living content after 




1.4 Wood anatomy 
Three distinct zones can be distinguished in tree stems, the sapwood, heartwood and transition zone. 
The cells are alive in the sapwood, and function in transport (between symplast and apoplast), storage 
of reserves (e.g. starch, proteins and lipids) and wound response. The boundary between sapwood and 
heartwood is the transition zone. This is normally a narrow, often pale coloured zone surrounding the 
heartwood that contains living cells that are usually devoid of starch, impermeable to liquids and with 
moisture content lower than sapwood (Hillis, 1987; Taylor et al., 2002). The transition zone is also the 
region where generation of heartwood takes place. Heartwood can be defined as an internal part of the 
stem, often darker in appearance than surrounding sapwood, devoid of living cells, water conduction, 
and in which the reserve materials (e.g. starch) have been removed. Some trees species additionally 
deposit heartwood substances that impart biotic resistance into this part of the stem (Hillis, 1987; 
Taylor et al., 2002). Figure 1.3 represents a disc from 12-year-old E. bosistoana stem with three 
different zones. 
 
Figure 1.2: A disc from 12-year-old E. bosistona stem with sapwood, transition zone and heartwood. 





The axial cell system of angiosperms is comprised of water conducting vessels and optional tracheids, 
fibre cells which provide mechanical support and axial parenchyma cells. The radial system is mainly 
composed of ray parenchyma cells providing transport, metabolic activity and storage capabilities 
(Evert, 2006). The radial system can also contain radial tracheids (Gordon, 1912) or radial fibres 
(Lev-Yadun & Aloni, 1995). Heartwood sections from the three principal planes (transverse, 
tangential and radial) from a 12-year-old E. bosistona stem are shown in figure 1.4.  
 
Figure 1.3: a) Anatomy of a tree stem with the three principal planes highlighted (Raven et al., 2005). 
Heartwood sections from the three principal planes b) transverse, c) tangential and d) radial of a 12-
year-old E. bosistona stem.  
1.5 Microscopy of wood 
Microscopic studies of xylem cells are challenging. Difficulties are tissue sampling, sectioning and 
the presence of natural fluorescing compounds (e.g. lignin) (Chaffey, 1999, 2002). Obtaining the 
desired thin tissue sections from the three principal planes of wood is laborious. The extremely high 
density (>1000 kg/m
3
) of E. bosistoana makes sectioning extremely challenging. Often only thicker 
sections can be cut that result in problems with getting good quality images with a whole tissue 




microscopy were used to visualise cell organelles and components. Out of focus light from above and 
below focal plane mixes and interferes with the in focus signal (Shotton, 1993; Wilson, 1990). This 
limits the visibility and quantification of fluorescence from plant cells, in particular when they are 
lignified (Hepler & Gunning, 1998; Kitin et al., 2000). 
Confocal microscopy and labelling techniques like immunohistochemistry (Funada, 2003), in 
situ hybridization (Regan & Sundberg, 2002) or reporter gene histochemistry (Chaffey, 2002) can 
overcome some of the challenges. Confocal microscopy can accommodate thicker plant tissue 
sections in which cell components can be studied by optical sectioning without the need of 
mechanical sectioning (Kitin et al., 2000).  
For microscopic studies of wood, the tissue is typically fixed, embedded, sectioned and stained 
(Alturkistani et al., 2016). Fixation aims to preserve cell structures from degradation. Fixatives cross-
link proteins and hence delay degradation of cell contents (Alturkistani et al., 2016). The fixative 
solutions such as buffered formalin can be administered to the tissue by perfusion or immersion 
(Alturkistani et al., 2016). The process of embedding using plastic resin or paraffin wax hardens the 
tissue to aid sectioning. However, penetration of antibodies or chemicals can be inhibited by the 
embedding agent (Titford, 2009). If tissue sections of desired thickness can be obtained without 
embedding, the embedding step is optional. Then thin tissue sections are cut with a sharp blade fixed 
in a microtome. Sections are often mounted with glycerol on a glass slide for examination. Glycerol is 
a mounting medium that preserves fluorescence of tissue when stored at 4°C in the dark. The medium 
also reduces photobleaching of fluorescent dyes such as FITC (fluorescein isothiocyanate), cyanine, 
Alexa Fluor and green fluorescent protein (GFP).  
1.5.1 Colour based and fluorescent stains 
Stains interact selectively with tissue features thus increasing their contrast. Various colour based and 
fluorescent staining methods have been used to visualise different components and organelles in 
wood. Stains reveal the shape, size and organisation of organelles and components in the cells of a 
tissue section. Simultaneous staining of a tissue section by multiple stains can allow one to visualise 
different cell components at same time. An advantage of using chemical stains on tissue sections is 
that the sections can be mounted on slides and preserved for several years.  
Some examples of the colour based stains which have been used to localise components and 
organelles in wood are potassium iodide for starch staining (Islam & Begum, 2011; Nakaba et al., 
2013), Astra-blue (Vazquez-Cooz & Meyer, 2002) for cell wall staining or acetocarmine for nuclei 
(Fahn & Arnon, 1963; Fahn & Leshem, 1963; Islam & Begum, 2011; Nakaba et al., 2012; Nakaba et 
al., 2006; Nakaba et al., 2008). Toluidine blue was reported to localise pectin in bordered pit 
membranes in Pinus radiata wood West et al. (2012) and ruthenium red and hydroxylamine ferric 




was localised in P. abies with mercuric bromophenol, aniline blue and amido black (Hornatowska, 
2005).  
Nuclei have been visualised by fluorescent DNA stains such as DAPI (4′,6-diamidino-2-phenylindole) 
(Spicer, 2005; Spicer & Holbrook, 2007; Zhang et al., 2015) or propidium iodide (Nakaba et al., 
2011; Zhang et al., 2008). Fluorescein diacetate was used to localise the vacuoles in the cells of un-
differentiated ray tracheids of P. densiflora (Nakaba et al., 2008). The fluorescent dye pontamine fast 
scarlet 4B has been used to investigate cellulose orientation in cell walls (Thomas et al., 2013). 
1.5.2 Immunolabelling 
The process of immunolabelling is called immunochemistry and is the biochemical process of 
binding antibodies to antigens. Antigens (e.g. proteins, carbohydrates, peptides) contain regions 
called epitopes that are capable of binding to the antibody. Antibodies can be very specific to their 
antigen and therefore enable the selective labelling of those structures. Immunolabelling is classified 
into two types based on the ability to directly or indirectly detect the antigen. In direct 
immunolabelling a single antibody is linked to a fluorophore (tag) (Figure 1.5a). The primary 
antibody binds to the epitope of the target antigen. The attached fluorophore is detected as it emits a 
specific wavelength (nm) of light after excitation. Indirect immunolabelling requires two antibodies. 
The unlabelled primary antibody binds to the antigen and a secondary antibody with an attached 
fluorophore, which binds to the primary antibody (Figure 1.5b). Multiple secondary antibodies with 
different fluorophores can attach to the single primary antibody. Advantages and disadvantages of 
direct and indirect immunolabelling are shown in table 1.1. 
 
Figure 1.4: a) direct immunolabelling, where an antibody with a tag binds to the target antigen and b) 
indirect immunolabelling, where a primary antibody without a tag binds to the target antigen and a 






Table 1.1: Advantages and disadvantages of direct and indirect immunolabelling (Abcam, 2018). 
 Direct immunolabelling Indirect immunolabelling 
Time and complexity Fewer steps Additional steps and complex 
Cost Conjugated antibodies - expensive Secondary antibodies - inexpensive 
Sensitivity Signals obtained by primary 
antibodies are sometimes weak 
Amplified signals obtained by 
secondary antibody 
 
Manifold antibodies and fluorescent tags are available for immunolabelling of wood sections. For 
example rat monoclonal antibodies against α–tubulin followed by incubation with FITC (Fluorescein 
isothiocyanate) conjugated secondary antibodies against rat IgG (immunoglobulin G) was used to 
localise microtubules in the parenchyma cells of Abies sachalinensis (Nakaba et al., 2013; Nakaba et 
al., 2006) or P. densiflora (Nakaba et al., 2008).  
1.6 Natural durability 
Wood is a lignocellulosic material composed of lignin, cellulose and hemicelluloses and small 
amounts of pectin. Wood is susceptible to biodegradation by different bio-degraders such as fungi, 
insects and termites, which break down plant cell wall polymers by cellulases and hemicellulases 
(Eaton & Hale, 1993). The ability of wood to resist biological degradation is defined as natural 
durability. It is generally low in the sapwood and can be high in the heartwood of some species 
(Hillis, 1987). The key feature of heartwood that provides natural durability is the accumulation of 
secondary metabolites known as extractives (Taylor et al., 2002). 
Different wood degraders exist, which pose a risk of biodegradation of wood in certain environments.  
1.6.1 Fungi 
Fungi produce an extracellular enzymatic system, which breaks down the cell wall polymers. The 
monomeric degradation products are then absorbed by the fungi as a food source (Eriksson et al., 
2012). Fungi require free available water for this process and therefore are a risk for wood utilisation 
only in wet conditions. Degradation of wood by fungi is also known as decay. Typically, two 
situations are distinguished when rating decay resistance of a timber: in contact with the ground (e.g. 
post and poles) and above the ground (e.g. decking). Standards like the NZS3602 (2003) or AS5604 
(2005) classify timbers for their above-ground and in-ground performance into four durability classes: 
Class 1 - very durable, Class 2 - durable, Class 3 - moderately durable and Class 4 - non-durable 
(Page & Singh, 2014).  
Wood is predominantly invaded by brown rots, white rots and soft rots, which differ in their 




1.6.1.1 Brown rot 
Brown rots depolymerises cellulose and hemicelluloses without removal of lignin due to the absence 
of lignolytic enzymes (Eriksson et al., 2012). Wood decayed by brown rots displays a crumbled, 
cubical and brown appearance that can be easily broken down into brown powder (Goodell, 2003). 
Some examples of brown rots are Coniophora olivacea, C. puteana (synonym for C. cerebella), 
Serpula lacrymans, Gleophyllum abietinum, Antrodia xantha, A. vallantii, Postia placenta and 
Polyporus varcecundus. 
1.6.1.2 White rot 
White rots are able to degrade lignin and thus making the structural polysaccharides of plant cell walls 
accessible to hydrolysis by cellulases and hemicelluloses. The lignolytic system of white rots is 
complex and consist of a cluster of oxidative enzymes, including lignin peroxidases (LiPs), 
manganese peroxidases (MnPs), lacases and oxidases. Some examples of white rots are Trametes 
versicolor, Pycnoporous coccineus, Lopharia crassa and Perenniporia tephropora. 
1.6.1.3 Soft rot 
Savory (1954) described a specific pattern of spongy decay by ascomycetes and deuteromycetes and 
termed it ‘soft rot’. Soft rot attacked wood is brown, soft in appearance and will crack when dried. 
The degradation of wood by soft rot involves tunnelling by fungal hyphae through the lignified cell 
walls (Blanchette, 1995). Soft rots share chemical characteristics with brown rots, decomposing 
cellulose and hemicelluloses but leaving lignin unmodified. Soft rots can sustain low oxygen levels 
and are therefore a more common threat to in-ground applications of wood. Some examples of soft 
rots include Chaetomium globosum, Humicola grisea, Petriella setifera, Phialophora mutabilis and 
Trichurus spiralis in terrestrial environments and Halosphaeria and Pleospora in marine and 
estuarine environments (Béguin & Aubert, 1994; Nilsson, 1973). 
1.6.2 Wood degrading insects 
Insects typically use wood as a habitat and not a food source (Johjima et al., 2006). Degradation is 
caused by mechanical chewing action. Lyctids and other borers feed on starch, which can be present 
in sapwood. Heartwood being devoid of starch is typically safe. However, some insects like the Asian 
long horn beetle (Anoplophora glabripennis) can be found in heartwood (Morewood et al., 2005).  
Termites such as Reticulitermes flavones are probably the most damaging wood degrading insect in 
the tropics. They share an endosymbiotic relationship with microorganisms in their hindgut 
(Cleveland, 1923), which produce cellulose degrading enzymes (Yamaoka & Nagatani, 1978), 
enabling them to utilise wood cell walls as food source. Again, termite damage is caused by 





Wood extractives are smaller organic molecules, which can be extracted from wood. They are 
composed of numerous compounds of several molecule classes. Terpenes, phenols, fats and waxes as 
well as alkaloids have been described in wood (Rowe, 1989). Hydrophilic wood extractives typically 
include flavonoids, phenolic acids, tannins and stilbenes while lipophilic extractives include 
tryglycerides, fatty acids, diterpenoid resin acids, sterols and waxes (Oliveira et al., 2010). Different 
compounds and amounts are present in different tree tissues like heartwood, bark, leaves or sapwood. 
Heartwood extractives are primarily constituted of polyphenols, hydrolysable and condensed tannins 
(Duchesne et al., 1992; Hillis & Carle, 1962; Taylor et al., 2002). These compounds are responsible 
for the often distict colour of heartwood in some species (e.g. Tectona grandis, Larix decidua, L. 
kaempferi, Juglans species). Some of those compounds have bioactive properties contributing to the 
natural durability of the wood. As extractives are often specific to taxonomically related species they 
can be used as a tool for their classification. 
1.7.1 Extractives variation within trees 
In Eucalyptus extractive concentrations are higher in certain parts, e.g. heartwood, bark and branches 
(Hillis, 1971). Variability in composition and content of extractives exists not only between species 
but also between and within trees of a single species. Variability in the extractives content within 
individual trees is related to age of the tree’s cambium, i.e. the distance from the pith. The extractive 
content increases from the inner to the outer heartwood (Hillis, 1987; Wilkes, 1984). As a 
consequence, growing heartwood trees in short rotation plantations as envisaged by NZDFI, will 
result in larger amounts of young heartwood, making it even more critical to ensure that it meets the 
technical specification of in-ground durability. This is possible as variation also exists between trees 
of a species and trees with good durability at a young age have been reported (Bush et al., 2011). It 
was shown that the variation in extractive content is partly under genetic control (Li et al., 2018) and 
therefore NZDFI’s strategy is to select the E. bosistoana trees with most potent extracts. Therefore, as 
part of this thesis one objective was to investigate the variability in extractive composition of E. 
bosistoana heartwood between trees.  
1.8 Extraction methods 
Wood can be extracted with a single solvent or a combination of solvents. As wood contains 
numerous compounds of different molecule classes no single solvent system is able to extract all 
compounds. Lipophilic extractives in wood are abundant in nonpolar solvents like hexane, 
dichloromethane or diethyl ether and the hydrophilic fraction can be extracted with water and polar 
organic solvents such as acetone, ethanol, or methanol (Benouadah et al., 2018). Standard solvents 




Wood extraction has been carried by hot water or stem distillation, soxhlet extraction using organic 
solvents or supercritical fluid (SFE) extraction using carbon dioxide at temperatures 40-100°C 
(Sjöström & Raimo, 1999). SFE is an alternative to conventional soxhlet extraction due to effective 
solute diffusion and mass transfer (Sjöström & Raimo, 1999). A recently more commonly used 
technique for wood extraction is automated accelerated solvent extraction (ASE). The advantage of 
this method is the combination of elevated temperature and pressure coupled with automation and the 
ability to use various solvents for extraction (Sjöström & Raimo, 1999).  
Table 1.2: Extractable content in wood by different solvents (ASTMD1105-96, 2013). 
Solvents Extractable content in wood 
Dichloromethane Waxes, fats, resins, photo-sterols and non-volatile 
hydrocarbons 
Ethanol-benzene Dichloromethane-insoluble components, such as low-
molecular-weight carbohydrates, salts, and other 
water-soluble substances 
Hot water  Tannins, gums, sugars, starches, and colouring matter 
Ethanol-methanol Hydrophilic extractives 
 
1.9 Extractives analysis 
The development of analytical chromatographic methods like thin layer chromatography (TLC), high 
performance liquid chromatography (HPLC), high speed counter current chromatography (HSCCC) 
and gas chromatography (GC) provides numerous options for the qualitative and quantitative 
estimation of chemical compounds in wood (Barry et al., 2001; Benouadah et al., 2018; Davies et al., 
2014; Hillis et al., 1974; Nawwar et al., 1997; Santos et al., 2011). Table 1.3 lists some compounds 
identified in wood and bark extracts of Eucalyptus species as well as the methods, which were used. 
Table 1.3: Some compounds identified in wood and bark of Eucalyptus species and the analytical 
methods used. 
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1.9.1 Gas chromatography (GC)  
Gas chromatography has been used for rapid, and accurate quantification and identification of 
chemical compounds in wood extracts (Fernandez et al., 2001; Gutiérrez et al., 1998; Sitholé et al., 
1992). A gas chromatograph is an instrument that uses a capillary through which different volatile 
components of a sample (e.g. extract) move in a mobile gas phase (e.g. helium) at different rates 
depending on their interaction with stationary phase in the capillary. The chemicals are then detected 
at the end of the column. The most commonly used detectors in GC are flame ionisation detectors 
(FID) and thermal conductivity detectors (TCD). FID is widely used to detect organic or hydrocarbon 
containing compounds in wood extracts (Gutiérrez et al., 1998). While these detectors allow the 
quantification of individual compounds, they provide no information on their chemical structure. 
Mass spectroscopy (MS) is able to provide information on the chemical structure of individual 
compounds and has been developed as a detector for GC in 1960 - 1970, now allowing identification 
of components in complex mixtures (Sjöström & Raimo, 1999). For example GC-MS has been used 
for the analysis of extractives in E. camaldulensis wood (Benouadah et al., 2018).  
However, a requirement for GC analysis is that the wood extractives are entering the gas phase. This 
restricts the use of GC for larger, polymeric molecules as well as polar molecules have strong 
interactions (Pierce, 2004). The chemical structure of polar compounds can be modified by 
derivatization, reducing molecular interaction and making them more volatile. Derivatization can be 
achieved by different methods such as methylation, acetylation or silylation (Pierce, 2004). GC is a 
powerful method to directly quantify individual resin components, triglycerides and sterylesters 
(Sitholé et al., 1992). Wood extracts of polar solvents like ethanol require derivatization. 
1.9.2 High performance liquid chromatography (HPLC) 
Like GC, HPLC can be used to separate and quantify individual compounds in a wood extractive 
mixture. The principal difference to GC is that in HPLC a liquid instead of a gaseous phase is used to 
transport the compounds through a stationary phase (column) with which they interact. Interactions 
are manifold and give rise to a variety of different chromatographic techniques. As for GC a variety of 
detectors exists more or less suitable for individual compounds (Robards et al., 1994). 
A requirement for HPLC is that the compounds are soluble in the mobile liquid phase. Consequently 
an advantage of HPLC for the analysis of wood extracts is that the extracts are already in a form 




compounds and that quantitative determination is not as straight forward as in GC due to the detector 
response being more dependent on the compound structure (Sjöström & Raimo, 1999).  
Ultra-high performance liquid Chromatography (UHPLC) is a modified version of HPLC with 
increased column efficiency. This is mainly achieved by reducing the size of the column material to 
less than 2 µm (Taleuzzaman et al., 2015). The smaller particle size leads to increased back pressure 
of up to 100 MPa, while the HPLC operates typically at up to 40 MPa. The efficiency of UHPLC is 
also improved by employing higher temperatures to reduce the viscosity of mobile phase. Forty 
phenolics, eleven terpens and seven fatty and organic acids were characterised and identified in the 
extracts from heartwood, sapwood and the transition zone of Pseudotsuga menziesii (Ngouaby et al., 
2018). Similarly, nine triterpenoids were quantified with UHPLC in root heartwood and root bark 
of Ilex pubescens (Cao et al., 2018). A comparison between HPLC and UHPLC is shown in table 1.4. 




Sample injection volume 5 ml 2 ml 
Particle size 3-5 µm < 2 µm 
Column temperature 30ºC 65ºC 
Maximum back pressure 35-40 MPa 103.5 MPa 
Column dimensions 150 x 3.2 mm 150 x 2.1 mm 
 
1.9.3 Thin layer chromatography (TLC) 
Non-volatile mixtures can also be separated by TLC. This chromatographic technique is performed on 
a sheet of glass, plastic, or aluminium foil coated with a thin layer of absorbent material (e.g. silica 
gel, aluminium oxide, or cellulose), the stationary phase (Harwood & Moody, 1989). The compounds 
are required to be dissolved in the mobile phase, which typically comprises a solvent mixture. The 
mobile phase with the analyte is then drawn up the plate via capillary action where separation occurs 
due to different interaction with the stationary phase. Ultraviolet light or chemical processes can be 
used to visualise the separated compounds. For example, anisaldehyde forms coloured adducts with 
many compounds and sulfuric acid will characterise organic compounds (Harwood & Moody, 1989). 
TLC is inexpensive and fast as many samples can be analysed in parallel. However, quantification is 
difficult (Harwood & Moody, 1989) and resolution lower. Therefore, TLC has been largely replaced 
by GC or HPLC.  
TLC has the advantage of separating the compounds non-destructively in space. Therefore, TLC 
plates with spatially separated compounds can be directly incubated with wood degrading fungi to test 




1.10 Objectives of the thesis 
i) Test the hypothesis that heartwood formation in young trees differs from that in older trees, i.e. if 
young trees have an extended transition zone. Biological processes of heartwood formation in E. 
bosistoana trees were followed by visualising cell organelles in living parenchyma cells with 
microscopy (chapters 2 and 3). 
ii) Identify the bioactive compounds and their variation in the heartwood of E. bosistoana by 
combining gas chromatography with fungal assays of heartwood extracts (chapters 4 and 5). 
iii) Test if wound reaction in young E. bosistoana trees is under genetic control and correlated to 
heartwood features (heartwood diameter and extractive content). This would enable selection of trees 
for heartwood traits before heartwood formation in trees commences (chapter 6).  
Figure 1.5 represents a flowchart that details the method and samples used.  
 
 
Figure 1.5: Flowchart details the methods and samples used in the objectives. 
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Cell organelles and fluorescence of parenchyma cells in Eucalyptus 
bosistoana sapwood and heartwood investigated by microscopy 
 
This chapter is published: 
Mishra, G., Collings, D., & Altaner, C. (2018). Cell organelles and fluorescence of parenchyma cells 
in Eucalyptus bosistoana sapwood and heartwood investigated by microscopy. New Zealand 
Journal of Forestry Science, 48, 1-10.  
 2.1 Introduction 
Wood formation (xylogenesis) in vascular plants is a complex biological process that includes cell 
division from secondary vascular cambium, cell elongation and differentiation, secondary cell wall 
deposition, programmed cell death and heartwood formation (Plomion et al., 2001). Wood consists of 
living and dead cells forming symplasmic and apoplasmic networks in trees. The apoplasmic system 
contains tracheids, vessels and dead fibres. The symplasmic system integrates the living parenchyma 
cells. These living parenchyma cells in the symplasmic system perform multiple roles in sugar 
transport and storage, embolism repair, defence against pathogens and secondary modification of 
xylem cells (Nakaba et al., 2012a). 
Parenchyma refers to a tissue composed of living cells that varies widely by morphology and 
metabolism. Parenchyma cells are distributed throughout the plant body in different forms such as 
small clusters, strands or heterogeneously in tissues such as xylem and phloem (Pruyn & Spicer, 
2012). In secondary vascular tissue, parenchyma cells are typically oriented radially and axially 
forming a three-dimensional interconnected network of living cells (Spicer, 2005, 2014). 
Three distinct zones can be distinguished in the stems of older trees: sapwood; heartwood; and a 
transition zone. Heartwood can be defined as an internal part of the stem, often darker in appearance 
than surrounding sapwood, devoid of living cells, water conduction, and in which the reserve 
materials (e.g. starch) have been removed. Some tree species additionally deposit heartwood 
substances imparting biotic resistance into this part of the stem (Bamber, 1964; Nakaba et al., 2012b). 
Parenchyma cells remain alive for many years in the sapwood (Nakaba et al., 2011; Nakaba et al., 
2008), retaining their intracellular organisation including organelles (nuclei, endomembranes, 
mitochondria, plastids, peroxisomes) and structural components such as the cytoskeleton 
(microtubules and actin microfilaments) (Fukuda, 2000; Funada, 2000; Spicer, 2005, 2014; Spicer & 
Holbrook, 2007). The transition zone is the boundary between sapwood and heartwood. This is 




are usually devoid of starch, impermeable to liquids and with a moisture content lower than sapwood 
(Taylor et al., 2002). The extension and generation of heartwood takes place from the transition zone 
(Déjardin et al., 2010). 
 Heartwood formation is a genetically and metabolically controlled programmed cell death process, 
which leads to the formation of heartwood extractives (Magel et al., 2001). In the transition zone, an 
increase in metabolic activity of parenchyma cells occurs followed by a series of cumulative events 
(rapid synthesis of secondary metabolites called extractives, blockages of conducting elements by 
formation of tyloses and structural changes in pits) preceding the death of the parenchyma cells 
(Spicer, 2005). The extractives formed by the living parenchyma cells in the transition zone are 
released and deposited in the neighbouring cells, imparting durability and colour in some species. It is 
postulated that heartwood formation regulates the amount and function of sapwood, controlling water 
transport and storage of reserve materials (Spicer, 2005). Despite the ecological importance of 
heartwood, the biological aspects of its formation are still not well understood.  
Heartwood is also of economic importance as only heartwood is coloured or naturally durable. 
Variations in colour and natural durability are caused by biologic differences in heartwood formation 
and directly impact on timber value. This is in particular true for a hardwood industry based on fast-
growing, short-rotation plantations. Such sustainably managed plantations have the potential to supply 
the exiting demand for coloured and naturally durable timbers, which are currently often 
unsustainably or illegally sourced from virgin tropical forests. The New Zealand Dryland Forests 
Initiative (NZDFI) has identified this opportunity for New Zealand (Millen et al., 2018) and has 
engaged in a research programme to support the establishment of Eucalyptus bosistoana F.Muell., a 
Class 1 durable timber (Australian Standard, AS5604-2005), in New Zealand. 
The purpose of the study was to a) identify microscopy techniques that are able to detect changes in 
chemical composition as well as cell organelles in E. bosistoana sapwood and heartwood and b) 
obtain better understanding of the changes occurring after heartwood formation.  
2.2 Materials and methods 
2.2.1 Wood material and fixation  
Wood samples were collected in summer (December) 2014 from E. bosistoana trees grown at two 
different sites in the South Island of New Zealand. Stem sections of 2-year-old trees were collected 
from a research trial in Christchurch, Canterbury. 10 cm thick stem discs from 11-year-old trees were 
collected at breast height near Havelock, Marlborough. Heartwood and sapwood were visually 
distinguished in the fresh state on the samples and marked with a pencil. Radial strips (~4 cm in 
tangential and ~2 cm axial direction) were cut from the green samples chiselled along the grain into 




buffer as described in (Mishra et al., 2018). Radial sections (10-20 μm thick) were cut with a sledge 
microtome. Acetone treatment of tissue sections were performed at -20°C for 20 min and 
subsequently washed with distilled water in a beaker under gentle stirring for 15 min.  
2.2.2 Histochemistry 
A Nikon Eclipse 50i microscope with a Nikon digital sight DS-5 MC camera was used in transmitted 
light and fluorescence modes. Radial sections were stained with iodine/potassium iodide (0.1% in 
water) to visualise starch grains, or amido black (0.2% in 7% acetic acid) to label proteins (Islam & 
Begum, 2012; Nakaba et al., 2012a), or toluidine blue (0.1% in water). Sequential labelling with 
toluidine blue staining followed by iodine/potassium iodide was also used. Sections were mounted in 
glycerol.  
Sections were stained with either Sudan IV (1% in 70% ethanol) (Begum et al., 2010) or Nile red 
(dissolved in 0.5% H2SO4) (Greenspan et al., 1985), to highlight lipid droplets. Protein stains such as 
Coomassie brilliant blue R-250 (0.25 g in 90 ml of methanol: distilled water (1:1, v/v) and 10 ml of 
glacial acetic acid) and Ponceau S (0.1 % (w/v) in 5% acetic acid) as well as colour-based DNA stains 
such as acetocarmine (1 % in acetic acid) (Islam & Begum, 2011; Nakaba et al., 2006) and methyl 
green pyronin (1% in acetate buffer solution comprised of glacial acetic acid and sodium acetate) 
(Potvin, 1979) were used on sapwood and heartwood sections. Similarly, fluorescent DNA stains such 
as DAPI (4′, 6-diamidino-2-phenylindole) (1 μl in 999 μl distilled water), propidium iodide (1 μl in 
999 μl distilled water) and Syto-13 (1 μl in 999 μl distilled water) were found to be unreliable markers 
for living nuclei as these dyes bound to the cell walls and did not clearly resolve nuclei.  
2.2.3 Immunofluorescence microscopy 
Sections were labelled with monoclonal antibodies to visualise microtubules (mouse anti-α-tubulin, 
clone B512, Sigma-Aldrich, St Louis MO USA), nuclei (histone proteins or rabbit anti-histone H3, 
catalogue number 07-690, Merck Millipore, Billerica MA, USA) and peroxisomes (rabbit polyclonal 
anti-cottonseed catalase, courtesy of Dr. Richard Trelease, University of Arizona) (Kunce et al. 1988). 
The sections were observed with a Leica SP5 confocal microscope system operating on a DMI6000 
inverted microscope with 20x NA 0.7 and 63x NA 1.3 glycerol immersion lenses (Leica, Wetzlar, 
Germany) after applying fluorescein and Cy5 labelled secondary antibodies. The secondary antibodies 
used were mixtures of either goat anti-rabbit-Cy5 (Jackson Immunoresearch, West Grove PA, USA) 
and sheep anti-rabbit-fluorescein (Silenus, Boronia, Vic, Australia) or goat anti-mouse-Cy5 (Jackson 
Immunoresearch) and sheep anti-mouse-fluorescein (Silenus). The detailed procedure was described 
in (Mishra et al., 2018). 
For immunolocalisation of nuclei, sections were post-fixed with FAA solution (10% (v/v) 
formaldehyde, 5% (v/v) acetic acid and 50% (v/v) ethanol) overnight. This step, based on Nic-Can et 




fixed with FAA showed minimal labelling with the antibody, and primary antibody controls were also 
negative.  
2.2.4 Confocal microscopy  
Variations in the colour of autofluorescence from wood samples, different cells and organelles were 
detected by recording fluorescence emission spectra using excitation wavelengths of 405 and 488 nm. 
Emissions were collected from 420 to 700 and 500 nm - 700 nm, respectively. Image intensities from 
organelles, parenchyma or from selected fibre cells were quantified using ImageJ software (FIJI 
installation of version 1.47v, National Institute of Health, Bethesda, MD, USA) using the ‘Plot Z axis 
profile’ function.  
2.3 Results and Discussion  
A range of cytological features associated with the transition of living parenchyma cells in sapwood to 
dead cells in heartwood using wood were investigated by microscopy in radial wood sections 
collected from 2-year-old and 11-year-old E. bosistoana trees.  
2.3.1 Histochemical observations 
Three different histochemical stains labelled living parenchyma. Starch, which is localised in 
amyloplasts, was detected as black granules with iodine/potassium iodide stain. Starch labelling was 
present in the radial (white arrows, Figure 2.1a) and axial (black arrows, Figure 2.1a) parenchyma 
cells of sapwood but was absent from heartwood (Figure 2.1d). This is consistent with previously 
described transitions of parenchyma cells in a variety of different angiosperm and gymnosperm 
species. The presence of starch was reported in sapwood and its absence from heartwood in Larix 
kaempferi (Lamb.) Carr. (Japanese larch) (Islam et al., 2012) as well as in Tectona grandis L.f. (Teak) 
(Islam & Begum, 2011). Consistent with their observations, our results suggested that starch depletion 
in ray cells was associated with cell death.  
The second histochemical stain used was amido black, which stained proteins a bluish-black colour. 
This showed that parenchyma cells in sapwood retained proteins indicating that they remained alive 
(arrows, Figure 2.1b). The parenchyma in heartwood lacked proteins, which indicated that it had 
undergone cell death (Figure 2.1e). Again, these observations match literature reports. Islam & 
Begum (2012) investigated Artocarpus heterophyllus Lam. (Jackfruit) and reported the presence of 
more protein in younger ray parenchyma cells than in ray parenchyma of older wood. Their results 
suggested that dissapearance of proteins in ray cells was associated with cell death, which coincided 
with our observations. Similar observations were also reported by Datta and Kumar (1987) 
concerning the presence of starch and proteins in parenchyma cells of inner and outer sapwood of T. 
grandis and their absence in heartwood. However, it needs to be taken into account that the starch and 




Nakaba et al., 2012a). The lowest reserves are typically present in spring after bud flush and the 
highest during winter dormancy (Rossi et al., 2007; Rossi et al., 2008). Round structures in heartwood 
(arrows, Figure 2.1d, e, f) sections were likely heartwood extractives synthesised in ray parenchyma 
cells that were not evident in sapwood (Figure 2.1a, b, c). This was consistent with previously 
reported observations of polyphenols in ray parenchyma cells of Pinus densiflora Siebold & Zucc. 
and P. rigida Mill. (Nakaba et al., 2008).  
The third histochemical stain was toluidine blue. This stained the vacuoles and other organelles of 
sapwood a bluish colour indicating that they were alive (arrows, Figure 2.1c). No indications of 
vacuoles were observed in heartwood (Figure 2.1f). Fukuda (2000) suggested that the collapse of the 
vacuoles could result in the release of hydrolytic enzymes that degrade cell organelles such as nuclei 
(Kuriyama & Fukuda, 2002). Disruption of vacuoles followed by disappearance of nuclei was 
observed in ray tracheids located further inside the stem of P. densiflora (Nakaba et al., 2011). 
 
Figure 2.1: Histochemical staining of ray parenchyma in sapwood (top row) and heartwood (bottom 
row) from a 11-year-old E. bosistoana tree. Starch granules were stained black with iodine/potassium 
iodide in radial (white arrows) and axial (black arrows) parenchyma of sapwood but were absent in 
heartwood (a, d). Proteins and vacuoles (arrows) were stained bluish-black with amido black in 
sapwood but were absent from heartwood (b, e). Vacuoles (arrows) stained bluish with toluidine blue 
in parenchyma of sapwood but were absent or breaking down in heartwood (c, f). Round structures 
(arrows) in heartwood (d, e, f) were likely heartwood extractives synthesized in ray parenchyma cells. 
These round structures were not evident in sapwood. Scale bar = 20 μm for all images. 
The identification of the small organelles labelled by toluidine blue remains unclear. However, 




potassium iodide (arrows, Figure 2.2b) confirmed that the toluidine blue labelled organelles were 
distinct from the amyloplasts.  
Several other stains were investigated, but these did not provide good labelling in E. bosistoana. 
Stains for lipid droplets including Sudan IV, previously used in wood samples (Begum et al., 2010; 
Begum et al., 2013; Islam et al., 2012), and Nile red (Greenspan et al., 1985) failed to give good 
labelling. These observations suggest that unlike T. grandis. (Islam & Begum, 2011) and Cryptomeria 
japonica (L. f.) D.Don. (Begum et al., 2010), lipid droplets were mostly absent from the parenchyma 
of E. bosistoana samples in summer.  
 
Figure 2.2: Sapwood section from a 2-year-old E. bosistoana tree showing ray parenchyma imaged at 
the same location that had been stained sequentially with: (a) toluidine blue; and (b) iodine/potassium 
iodide. Arrows indicate examples of organelles showing differential staining. Scale bar = 20 μm. 
 
However, it needs to be taken into account that, similar to the starch and protein content, the lipid 
content in xylem has been reported to vary among seasons and species (Begum et al., 2013). 




histochemistry, Coomassie brilliant blue R-250 and Ponceau S, failed to provide clear staining of ray 
parenchyma. 
2.3.2 Autofluorescence 
A significant problem for the analysis of E. bosistoana wood was the fact that the samples were 
autofluorescent at most wavelengths. This autofluorescence derived from at least three different 
sources. 
The main source of autofluorescence was from the vacuoles in parenchyma cell which, in sapwood, 
were fluorescent at all wavelengths (arrows, Figure 2.3b, c, d), but which became degraded in 
heartwood (Figure 2.3f, g, h). The observations led us to use spectral imaging (lambda scanning) with 
excitation at 405 nm (Figure 2.3i), 488 nm (Figure 2.3j) and 561 nm (Figure 2.3k), and with the 
emission spectra from the sapwood vacuoles quantified from 420-700 nm, 500-700 nm and 560-700 
nm respectively. The observations showed that emission spectra were shifted to longer wavelengths as 
excitation wavelength increased. Fluorescence peaked at 508 nm using 405 nm excitation, at 575 nm 
for 488 nm excitation and at about 640 nm for 561 nm excitation. 
The second source of autofluorescence was from the cell walls of both the parenchyma and fibre cells. 
Fluorescence emission spectra of parenchyma and fibre cells of sapwood and heartwood indicated 
differences in chemical composition. Using 405 nm excitation, the emission spectra for fibre cells 
showed a peak in fluorescence at 480 nm in both sapwood and heartwood (Figure 2.4a) whereas the 
emission peak for the parenchyma cell walls was at a longer wavelength of almost 488 nm in sapwood 
and at an even longer wavelength of 500 nm in heartwood (Figure 2.4b). Using 488 nm excitation, the 
emission spectra for fibre cells showed a peak in fluorescence at 560 nm in both sapwood and 
heartwood (Figure 2.4c) whereas the emission peaks for the parenchyma cell walls were at a longer 
wavelength in sapwood (565 nm) and heartwood (570 nm) (Figure 2.4d). These observations showed 
that for 11-year-old E. bosistoana, the transition from sapwood to heartwood did not markedly change 
the fluorescence emission spectra of fibre cell walls, whereas the emission spectra for parenchyma 
cell walls showed consistent increase in the emission peak associated with changes in the cell wall 
after cell death. Variations in the location and intensity of the peaks were likely caused by the 
presence of extractives (Koch & Kleist, 2001; Nakaba et al., 2012a). A solvent such as acetone has 







Figure 2.3: Wide-field fluorescence microscopy showed vacuole autofluorescence from ray 
parenchyma in sapwood (top row) and heartwood (bottom row) from a 11-year-old E. bosistoana tree. 
Images confirmed that wood samples were strongly autofluorescent at all visible wavelengths. Images 
were collected and processed with the same settings to demonstrate that heartwood cells were more 
fluorescent than sapwood using transmitted light (a, e); UV excitation (b, f); blue excitation (c, g); and 
green excitation (d, g). Scale bar = 30 μm. Normalised fluorescence emission spectra (lambda scans) 
from vacuoles in radial parenchyma cells in sapwood using: (i) 405 nm; (j) 488 nm; and (k) 561 nm 








Figure 2.4: Fluorescence emission spectra from sapwood and heartwood sections using: 405 nm 
excitation (a, b); and 488 nm (c, d) of fibre cell walls (a, c) and parenchyma cell walls (b, d). 
Heartwood spectra were shifted to slightly longer wavelengths, most noticeably in the parenchyma 
cell walls, indicating the presence of heartwood extractives. 
 
Spectral imaging was conducted to determine whether or not the compounds present within the cell 
wall might be extracted by solvents. Acetone treatments resulted in few differences between the 
fluorescence patterns of fibre cells (Figure 2.5a) and ray parenchyma (Figure 2.5b) in heartwood 
sections suggesting that the extractives dominating fluorescence of E. bosistoana heartwood were not 
significantly removed by the acetone treatment. While dried acetone extracted heartwood powder 
maintained a darker colour than extracted sapwood powder (unpublished) a contributing factor to the 
small differences in fluorescence observed here could have been that the fixation treatment of the 
wood during sample preparation also bound the extractive compounds to the cell walls. 
Heartwood of 6-year-old E. bosistoana was reported to contain 1 and 15 % of ethanol soluble material 
(Li & Altaner, 2018). No detailed description of the chemical composition of these extracts has been 
published. Catechin, was observed to be a major compound in the heartwood of E. camaldulensis 
(Benouadah et al., 2018) and more generally heartwood extractives were reported to predominately be 




e.g. ellagitannins and condensed tannins have been described in the heartwood extracts of other 
Eucalyptus species (Hillis & Carle, 1960, 1962; Stewart et al., 1953; Taylor et al., 2002). 
 
 
Figure 2.5: Fluorescence emission spectra from sapwood and heartwood sections with and without 
acetone wash using 405 nm excitation of fibre cells (a) and parenchyma cells (b). Heartwood spectra 
without acetone wash were shifted to slightly longer wavelengths. No difference between the 
fluorescence patterns of: (a) fibre cells: and (b) ray parenchyma in heartwood sections without and 
with acetone treatment. 
The third source of autofluorescence was present only in the sapwood of the 2-year-old trees. Sections 
showed a scattering of small organelles with red autofluorescence (arrows, Figure 2.6a). The pigment 
was identified as chlorophyll, and the organelles as chloroplasts because the pigment was extracted by 
methanol (Figure 2.6b) and acetone washes, and as spectral analysis showed an emission peak at 680 
nm (Figure 2.6c). In contrast, no indications of chlorophyll were observed in heartwood of E. 
bosistoana trees close to the pith where the cells had undergone cell death (data not shown). This was 
consistent with other reports showing that chloroplasts can exist within sapwood, for example, similar 
observations of red, chlorophyll auto-fluorescence from xylem ray cells and pith of E. angustifolia 
and E. globulus (Dima et al. 2006). Also, similar observations of chloroplasts present in sapwood 
were reported by van Cleve and co-workers based on absorption spectra maxima at 432 nm and 664 
nm in methanol extracts from leaves, bark and pith of poplar (Populus × canadensis) (van Cleve et al., 
1993). Furthermore, chlorophyll content were shown to depend on the age of the stem and its 
exposure to light (van Cleve et al., 1993; Dima et al., 2006; Larcher et al., 1988; Maxwell & Johnson, 
2000; Saranpää, 1988). Published reports also provide evidence for an age-dependant decrease in stem 





Figure 2.6: Sapwood contained chloroplasts. Concurrent confocal fluorescence (left) and transmitted 
light (right) images of untreated sapwood sections (a) and sections treated with methanol; and (b) 
from a 2-year-old E. bosistoana tree. Ray parenchyma cells in sections that lacked the methanol 
treatment contained chloroplasts that fluoresced red using 488 nm excitation (arrows in a) but these 
organelles were not visible following methanol washes which indicated that the chlorophyll had been 
washed out by the methanol (b). Scale bar = 50 μm. Fluorescence emission spectra using 488 nm 




2.3.3 Immunolocalisation of organelles and structures 
Organelles and cytoplasmic structures of living parenchyma cells in sapwood of 2-year-old E. 
bosistoana trees were visualised by immunolabelling. Fixation, extraction and labelling procedures 
were based on conventional immunofluorescence imaging methods (Collings and Wasteneys, 2005) 
that were modified to work with radial wood sections. Immunolabelling was screened visually using 
fluorescence from fluorescein-tagged secondary antibodies but the high autofluorescence at these 
wavelengths (Figure 2.3) prompted the use of a dual secondary antibody strategy, with confocal 
imaging conducted in the far-red with Cy5-tagged secondary antibodies.  
Microtubules were visible as lines in and around the edges of both ray (white arrows, Figure 2.7a) and 
axial (black arrows, Figure 2.7a) parenchyma cells in sapwood and were absent from heartwood. 
These observations match those of Nakaba and co-workers who reported microtubules in the outer 
xylem parenchyma cells of P. densiflora Siebold & Zucc. and Abies sachalinensis F.Schmidt. 
(Nakaba et al., 2006, 2008, 2013). Similarly, peroxisomes were immunolabelled in both the radial 
(white arrows, Figure 2.7b) and axial (black arrows, Figure 2.7b) parenchyma of sapwood. These 
peroxisomes were small, round organelles that were less than 2 µm in diameter, and were abundant in 
the parenchyma. They too were absent from heartwood. Peroxisomes act as a source of enzymes such 
as polyphenol oxidases or peroxidases that contribute to the oxidation of phenolic heartwood 
compounds in Juglans nigra L. resulting in the brown colour of its heartwood (Dehon et al., 2002). 
Phenolic compounds are also common in heartwood extracts of Eucalyptus species (Da Costa & 
Rudman, 1958; Hart & Hillis, 1974; Hathway & Seakins, 1959; Hillis, 1956, 1991; Taylor et al., 
2002). 
Conventional nuclear stains failed in these E. bosistoana sections. Colour-based DNA stains such as 
acetocarmine and methyl green pyronine did not work well because they caused too much background 
signal. Similarly, fluorescent DNA stains such as DAPI (4′, 6-diamidino-2-phenylindole), Propidium 
iodide and Syto-13 were unreliable markers for living nuclei as these dyes bound to the cell walls and 
did not clearly resolve nuclei. Instead, nuclei were labelled with antibodies against the H3 histone 
protein (Nic-Can et al., 2013). The use of this antibody was complex, with samples requiring post-
fixation in FAA for the histone antigen to become immunoreactive. Nuclei were observed in both ray 
(white arrows, Figure 2.7c) and axial (black arrows, Figure 2.7c) parenchyma cells of sapwood. The 
presence of nuclei indicated that parenchyma cells remained alive in the sapwood. Similar 
observations were reported for Populus sieboldii L. × P. grandidentata L. and Abies sachalinensis F. 






Figure 2.7: Immunolabelling allowed visualisation of organelles in living ray (white arrows) and axial 
(black arrows) parenchyma cells of sapwood from a 2-year-old E. bosistoana tree. Images are 
maximum projections of confocal optical sections using 633 nm excitation of Cy5 and collected 
between 650 and 700 nm where background autofluorescence was less severe. No labelling was seen 
in heartwood sections and not in the control experiments in which primary antibodies were omitted. 
Microtubules (arrows) labelled with mouse monoclonal anti-α-tubulin antibodies (a). Peroxisomes 
(arrows) labelled with rabbit polyclonal anti-catalase antibodies (b). Nuclei (arrows) labelled with 
rabbit polyclonal anti-histone antibodies (c). Scale bar = 50 μm. 
2.4 Conclusion  
Cell organelles and storage materials could be visualised in the living parenchyma cells in sapwood of 
2-year-old E. bosistoana trees by immunolabelling and conventional histochemical staining. 
Extractives were localised in heartwood of 11-year-old E. bosistoana tree, but were absent from 
sapwood. It has been shown in this study that it is possible to use microscopy with appropriate 
staining to study physiological processes during heartwood formation. However, auto-fluorescence 
and unspecific staining made the use of several common staining techniques impractical. Investigating 
heartwood formation will aid the development of a hardwood industry based on E. bosistoana, which 
needs to ensure consistent wood properties. Early selections for heartwood in breeding programmes 
(Li et al., 2018) rely on the correct identification of fully developed heartwood (Mishra et al., 2018). 
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Physiological changes during heartwood formation in young (6-
year-old) Eucalyptus bosistoana 
 
This chapter is published online on the advance platform of IAWA's publisher Brill: 
Mishra, G., Collings, D.A., & Altaner, C.M. (2018). Physiological changes during heartwood 
formation in young (6-year-old) Eucalyptus bosistoana. International Journal of Wood 
Anatomists, 39, 1-13.  
3.1 Introduction 
Heartwood, defined as the inner layers of a tree, which have ceased to contain living cells and in 
which the reserve materials (e.g. starch) have been removed or converted into heartwood substances 
(IAWA, 1964), often determines the economic and aesthetic value of wood due to its colour and 
natural durability. Heartwood is formed in the inner layers of the sapwood, known as transition zone 
or intermediate wood, which have transitional characteristics between sapwood and heartwood in 
colour. Understanding heartwood formation is important due to its economic significance.  
During heartwood formation, the parenchyma cells undergo complex metabolic and physiological 
changes in the transition zone. Heartwood formation is a combined phenomenon of both endogenous 
genetic expression and extraneous environmental factors. Genetic signals can trigger the production of 
polyphenols and other organic molecules in the transition zone followed by a chain of events 
climaxing in the formation of heartwood (Plomion et al., 2001). In some species, prior to or during the 
transition to heartwood, vessels are blocked by tyloses, protruding structures that grow through the 
pits from neighbouring parenchyma (Chattaway, 1949; Foster, 1967). In some species, the 
parenchyma cells synthesise secondary metabolites during the transition from sapwood to heartwood. 
The extractives, formed by the living parenchyma cells in the transition zone, are released and 
deposited in the neighbouring cells. This accumulation of secondary metabolites referred to as 
heartwood extractives frequently improves natural durability and gives colour (Taylor et al., 2002; 
Wardrop & Cronshaw, 1962; Wiedenhoeft & Miller, 2005). In Eucalypts, these extractives are 
predominately comprised of tannins (Conde et al., 1995; Hillis, 1972, 1991; Rudman, 1964). 
During the conversion of sapwood to heartwood, the parenchyma cells undergo programmed cell 
death (PCD). The cellular events in PCD include chromatin condensation and vacuole proliferation in 
dying parenchyma cells (Atale et al., 2014). The vitality of parenchyma cells can be recorded by 




materials such as starch (Bamber, 1976; Bamber & Fukazawa, 1985; Fukuda, 2000; Funada, 2000; 
Islam et al., 2012; Islam & Begum, 2011; Nakaba et al., 2013; Nakaba et al., 2008a). The loss of 
water conductivity in sapwood and the transition into heartwood (PCD of parenchyma) can be 
independent processes (Ziegler, 1968). For example in Quercus phellos tyloses was found to precede 
PCD of parenchyma by ~10 years. However, in other species both physiological changes coincide.  
Published reports concerning heartwood formation are typically based on the heartwood of old trees. 
Durability as well as extractive content of heartwood increases from pith to bark in older trees 
(Sherrard & Kurth, 1933). This is recognised in relevant standards such as AS5604: Timber – 
naturally durability ratings. Supply of heartwood species is shifting from virgin old-growth forests to 
fast-growing, short-rotation plantations (Moya et al., 2014). These trees are young when harvested 
and little information is available for heartwood formation in young trees. The radial differences in 
heartwood durability and extractive content have been attributed to the degradation of extractives over 
time (Resch & Arganbright, 1968) as well as the availability of more resources for the synthesis of 
extractive in bigger trees (Wilkes, 1984). It might, however, be possible that heartwood formation in 
young trees differs from that in old trees with the parenchyma cells, which synthesise the heartwood 
extractives, remaining active for a longer period. This would result in a wider transition zone, which is 
not heartwood and in which parenchyma cells remain alive (Figure 3.1). The implication from such a 
result would be that the extractive content at the centre of the stem (and consequently wood quality), 
could increase as young trees become older. This hypothesis would be consistent with published data 
for some tree species. For example, when old and young Sequoia sempervirens trees were tested for 
natural durability, non-resistant heartwood samples were only found in the young trees (Clark & 
Scheffer, 1983; Jones et al., 2011). Extractive content in Tectona grandis heartwood close to the pith 
also appears to be higher in older trees compared to younger trees (Lukmandaru & Takahashi, 2009). 
However, Hills (1987) reported the transition zone to be 1.5 cm wide in 15-year-old T. grandis trees 
of 15 cm diameter. 
Eucalyptus bosistoana is a medium to large tree growing to 60 m in height with a trunk diameter of up 
to 1.5 m. It grows naturally in mixed forests on fertile soils and river flats along the south eastern 
Australian coast from eastern Gippsland (Victoria) to Sydney (NSW). Its dense timber is ranked as 
class 1 durable, lasting more than 25 years in-ground, (Bootle 2005). Although not anymore widely 
used as a timber in Australia due to the lack of a forest resource, the species has attracted attention in 
New Zealand because of its good wood properties and ability to tolerate the cooler climatic 
conditions. Work is underway to establish a durable hardwood industry in New Zealand based on 
sustainably grown plantation Eucalypts, which can supply the demand for preservative free durable 
timber (Altaner et al., 2017). A prerequisite is to ensure abundant amounts of quality timber, i.e. 
naturally durable heartwood. Assessments need to be based on heartwood rather than the intermediate 




In this study, radial cores from bark to bark of 6-year-old E. bosistoana trees were observed for 
cytological changes, using conventional and confocal microscopy with a range of different staining 
techniques. This allowed to determine a) the radial width of the transition zone in young E. bosistoana 
trees and b) the timing of the loss of water conductivity in sapwood.  
 
Figure 3.1: The hypothesis of prolonged transition from sapwood to heartwood in young trees 
suggests that young trees (a) have a wider transition zone where parenchyma cells remain alive 
synthesising heartwood extractives, and do not have heartwood. However, older trees (b) have a 
narrow transition zone with heartwood where parenchyma cells are dead. 
 
3.2 Materials and methods 
3.2.1 Wood material and fixation 
Cores were obtained using a corer (14 mm diameter) at breast height from four, medium sized 6- 
year-old E. bosistoana trees grown in North Canterbury, New Zealand in spring (November) 2015. 
The trees were ~10 to 15 m in height and ~8 cm in diameter. Immediately after coring, the wood 
samples were fixed in the field in 50 ml Falcon tubes in a buffer comprising cytoskeleton buffer stock 




(0.1%), dimethylsulfoxide (DMSO) (1%), formaldehyde (3.7%) and glutaraldehyde (1%) under 
vacuum using a portable vacuum pump. During the initial 15 minutes of fixation, the vacuum was 
drawn and released several times. Samples were stored in the tubes with fixative in a refrigerator until 
used. The fixed wood cores were washed extensively with water. Cores were split into 1 cm pieces 
from which radial sections (10 - 20 μm) were prepared with a sledge microtome. A core across a 6- 
year-old E. bosistoana stem is shown in Figure 3.2. 
 
 
Figure 3.2: Core across a 6-year-old E. bosistoana stem. 
 
3.2.2 Wide-field fluorescence microscopy 
A Nikon eclipse 50i fluorescence microscope equipped with a Nikon digital sight DS-5 MC camera 
was used in transmitted light and fluorescence modes. Radial sections, either unstained or stained with 
iodine/potassium iodide (0.1% in water) to visualise starch grains, were mounted in glycerol. 
Fluorescence images were taken with UV excitation (360 - 400 nm) and a 420 nm long-pass emission 
filter.  
3.2.3 Immunolabelling nuclei and microtubules 
Radial sections were post-fixed with FAA solution (10% (v/v) formaldehyde, 10% (v/v) acetic acid, 
50% (v/v) ethanol and 30% (v/v) distilled water) overnight before immunolabelling of nuclei. The 
post-fixation, based on Nic-Can et al. (2013), reduced the background fluroscence, and modified the 
histone to promote antibody binding. Samples not post-fixed with FAA showed minimal binding of 
the antibody. Washed sections were extracted with 1% Triton X-100 solution in phosphate buffered 
saline (PBS; 131 mM NaCl, 5.1 mM Na2HPO4, 1.56 mM KH2PO4,pH 7.2) for 1 h. Tissues were 
further washed with PBS followed by an acetone treatment for 20 min at -20°C and sodium 
borohydride (0.1% in PBS) for 10 min to reduce background fluorescence. Before incubation, 
sections were then washed extensively with PBS and blocked by incubation buffer (1.0% BSA in PBS 
with 0.1% Tween-20) for 20 min. Sections were then incubated for 1 h at room temperature with 
primary antibodies (either rabbit anti-histone H3, catalogue number 07-690, Merck Millipore, 
Billerica MA, USA, diluted 1/200 in incubation buffer, or mouse anti-α-tubulin, clone B512, Sigma-
Aldrich, St Louis MO, USA, diluted 1/1000), washed 3 times with PBS and then incubated for 1 h at 




antibodies (goat anti-rabbit-Cy5, Jackson Immunoresearch, West Grove PA, USA, diluted 1:200 and 
sheep anti-rabbit-fluorescein, Silenus, Boronia, Vic, Australia diluted 1/100) or anti-mouse antibodies 
(goat anti-mouse-Cy5, Jackson Immunoresearch, diluted 1:200 and sheep anti-mouse-fluorescein, 
Silenus, diluted 1/100). This dual labelling allowed direct visualisation of nuclei and microtubules by 
eye using fluorescein fluorescence and images to be recorded using 633 nm excitation of Cy5. 
Sections were washed with PBS and mounted in glycerol. Controls, run in the absence of primary 
antibodies, showed no labelling of nuclei and microtubules. 
3.2.4 Confocal laser scanning (confocal) microscopy 
A Leica SP5 confocal microscope system operating on a DMI6000 inverted microscope, equipped 
with 20x NA 0.7 and 63x NA 1.3 glycerol immersion objective lenses (Leica, Wetzlar, Germany), 
was used for imaging. 
High resolution Z stack images (1,024 pixels square) were recorded with 4-fold line averaging and a 
1.00 μm step size. Along with concurrent transmitted light images, fluorescence images were 
collected from 500 - 550 nm and 650 - 700 nm using excitation at 488 nm and 633 nm.  
To detect variations in the colour of fluorescence emission spectra from radial sections, image series 
were recorded using 405 nm excitation from 420 - 700 nm (λ scan). Images were recorded with a 10 
nm wide window and with a 5 nm step size at a resolution of 512 pixels square using 4-fold line 
averaging. All image series were captured with the same imaging conditions. Image intensities were 
quantified from image stacks in ImageJ (FIJI installation of version 1.47v, National Institute of 
Health, Bethesda, MD, USA) after selecting regions of parenchyma or fibre cells with the ‘Plot Z axis 
profile’ function. 
3.2.5 Image processing 
Images were modified using standard brightness and contrast settings in Photoshop (version CS4, 
Adobe Systems, San Jose, CA, USA) and ImageJ. 
3.3 Results and discussion 
Bark-to-bark cores through the central pith were sampled from four 6-year-old E. bosistoana trees. 
Rapid fixation of these cores on site allowed for the investigation of the radial distribution of a range 
of cytological features associated with parenchyma cells, their programmed cell death and the 
transformation of sapwood into heartwood. All cores showed similar physiological changes through 
the radial profiles, which are summarised in Table 3.1.  
3.3.1 Visualisation of starch 
Starch, which is localised in amyloplasts, was detected as black granules with iodine/potassium iodide 




pith (arrows, Figure 3.4a), indicating the mobilisation of starch. Islam et al. (2012) reported presence 
of starch in sapwood and its absence from heartwood in Larix kaempferi. Their results suggested that 
starch depletion in ray cells was associated with cell death, which coincides with our observations. 
 
Table 3.1: Physiological changes in parenchyma cells through a single, representative 6-year-old E. 
bosistoana stem ~80 mm in diameter. 
Tissue feature Position (cm) 
Tissue type 1 2 3 4 5 6 7 8 
Starch yes yes some no no no some yes 
Vacuoles yes yes some no no no some yes 
Nuclei yes yes yes no no no yes yes 
Microtubules yes yes yes no no no yes yes 
Tyloses no no yes yes yes yes yes no 
Extractives no no no yes yes yes no no 
Tissue type sapwood sapwood transition 
zone 




The parenchyma in heartwood (Figure 3.3, 4 - 6 cm) lacked detectable starch. This was consistent 
with what was commonly reported for heartwood. Starch in radial and axial parenchyma cells 
disappeared simultaneously. This differed to the observations reported by Nakaba et al. (2012b) in 
Robinia pseudoacacia, which suggested mobilisation of starch in axial parenchyma cells prior to ray 
parenchyma cells. However, it needs to be taken into account that the starch content in xylem was 
reported to vary between seasons and species (Begum et al., 2013).  
3.3.2 Vacuoles 
Vacuoles were confined to the ray parenchyma cells in the outer part of E. bosistoana and absent in 
the centre of the stem (Figure 3.5, 4 - 6 cm). Degradation of vacuoles was observed in the transition 
zone (arrows, Figure 3.5, 3 & 7 cm) close to the pith. The observation suggested that degradation and 
disappearance of cell contents (nuclei, microtubules) begun with the collapse of vacuoles. Fukuda 
(2000) suggested that the collapse of the vacuoles could result in the release of hydrolytic enzymes 




followed by disappearance of nuclei was observed in ray parenchyma located further inside the stem 
of Pinus densiflora (Nakaba et al., 2011). 
 
Figure 3.3: Bright-field micrographs of radial sections from 6-year-old E. bosistoana stained with 
iodine/potassium iodide showed starch-containing amyloplasts stained black. Amyloplasts were 
present in the radial (white arrows) and axial (black arrows) parenchyma cells of sapwood (1, 2 & 8 
cm), were present in reduced numbers in the transition zone (3 & 7 cm), and were absent from 
heartwood (4 - 6 cm). Scale bar = 50 µm for all images. 
 
Figure 3.4: Radial sections of 6-year-old E. bosistoana in the transition zone. (a) staining for starch 
with iodine/potassium iodide. Amyloplast labelling in the radial (white arrows) and axial (black 
arrows with white outline) parenchyma cells was reduced towards the pith. (b) Maximum projections 
of confocal optical sections of immunolabelled nuclei. More nuclei were present in the radial (white 
arrows) and axial (arrows with white outline) parenchyma cells towards the bark than towards the 
pith. (c) Unstained sections showing tyloses (arrows) which were absent nearer the bark and appeared 





Figure 3.5: Bright-field micrographs of radial sections from 6-year-old E. bosistoana showing 
variations in vacuoles (arrows) in ray parenchyma cells. Vacuoles (arrows) were observed in the 
parenchyma cells of sapwood (1, 2 & 8 cm) and gradual disintegration of vacuoles were observed in 
the transition zone (3 & 7 cm) but were absent from heartwood (4 - 6 cm). Scale bar = 20 µm for all 
images. 
3.3.3 Nuclei 
High background fluorescence from parenchyma and fibre cells made colour-based DNA stains such 
as acetocarmine and methyl green pyronine unsuitable for the wood sections. Similarly, fluorescent 
DNA stains such as DAPI, Syto-13 and propidium iodide were unreliable markers for living nuclei as 
these dyes bound to the wood sample itself and did not clearly resolve nuclei. Instead, we labelled 
nuclei with antibodies against the H3 histone protein (Nic-Can et al., 2013). Even the use of this 
antibody is complex, with samples requiring post-fixation in FAA for the histone antigen to become 
immunoreactive. The disappearance of nuclei was monitored in each section of the core as an 
indication of cell death of parenchyma cells. Nuclei were observed in the outer parts of the stem in 
sapwood (arrows, Figure 3.6) and the transition zone (arrows, Figure 3.6), and in both ray and axial 
parenchyma cells. The presence of nuclei indicated that parenchyma cells remained alive in the 
sapwood. Radial sections from the transition zone showed a decrease in nuclei from bark to pith 
(Figure 3.4b), which coincided with mobilisation of starch and disintegration of vacuoles. No nuclei 
were found in the centre of the stem (Figure 3.6, 4 - 6cm) indicating that the parenchyma cells in the 
heartwood were dead. Both ray and axial parenchyma cells underwent PCD at the same time. Similar 






Figure 3.6: Maximum projections of confocal optical sections of radial sections of 6-year-old E. 
bosistoana labelled with histone antibodies. Nuclei were observed in both radial (white arrows) and 
axial (arrows with white outline) parenchyma cells of both sapwood (1, 2 & 8 cm) and the transition 
zone (3 & 7 cm) but were absent from heartwood (4 - 6 cm). Scale bar = 50 µm. 
3.3.4 Microtubules 
Microtubules were visible as circular bands in and around the edges of both ray and axial parenchyma 
cells in sapwood and the transition zone, indicating living cells (arrows, Figure 3.7). No indication of 
microtubules was found in the centre of the stem, which was consistent with dead parenchyma cells in 
heartwood. The disintegration and disappearance of microtubules coincided with the disappearance of 
starch, vacuoles and nuclei in heartwood. Similar observations were reported during cell death of ray 
parenchyma in Pinus densiflora (Nakaba et al., 2008b).  
3.3.5 Tyloses 
Vessels were open in sapwood (Figure 3.8, 1, 2 & 8 cm), whereas, vessels were blocked by tyloses in 
heartwood sections (Figure 3.8, 4 - 6 cm). This was consistent with conductive sapwood fulfilling the 
function of water transport in a tree. Initial formation of tyloses was observed in the transition zone 
concurrent with the mobilisation of starch but before the death of the parenchyma cells (Figure 3.4c). 







Figure 3.7: Transmitted light images of radial sections of 6-year-old E. bosistoana labelled with 
antibodies against α-tubulin. Microtubules (arrows) were observed in the parenchyma cells of both 







Figure 3.8: Radial sections of 6-year-old E. bosistoana showing variations in tyloses formation 
(arrows) in vessels. Tyloses were absent in the vessels of sapwood (1, 2 & 8 cm) but were present in 
the transition zone (3 & 7 cm) and heartwood (4 - 6 cm). Scale bar = 50 µm. 
 
3.3.6 Variation in autofluorescence 
Wide-field fluorescence microscopy of sapwood, transition zone and heartwood sections using UV 
excitation (360 - 400 nm) revealed subtle differences in the colour of the fluorescence from 
parenchyma and fibre cell walls in heartwood (Figure 3.9a, b). Heartwood sections were fluorescing 
brighter compared to sapwood and transition zone sections. The fluorescence from these sections was 
further quantified with spectral (λ) scans with a confocal microscope using UV excitation at 405 nm. 
Fluorescence emission spectra of parenchyma and fibre cell walls of sapwood, the transition zone and 
heartwood indicated differences in chemical composition (Figure 3.9c, d). When comparing 
heartwood with sapwood, the fluorescence emission spectra of heartwood occurred at longer 
wavelengths with maximum emission at 488 nm. However, the fluorescence emission of sapwood and 
the transition zone sections showed similar spectra with maximum emission at 476 nm. Variations in 
intensity of peaks were likely caused by the presence of extractives (Koch & Kleist, 2001). E. 
bosistoana contains pale-brown coloured heartwood with a pinkish tint (Bootle, 2005). This is 








Figure 3.9: Differences in autofluorescence from cell walls. a, b: Conventional, wide-field 
fluorescence microscopy (UV excitation, 360 - 400 nm, long-pass 420 nm) showing intensity of 
fluorescence of parenchyma (a) and fibre cell walls (b) in radial tissue sections of sapwood, the 
transition zone and heartwood of 6-year-old E. bosistoana. Heartwood cell walls were more 
fluorescent than cell walls in sapwood and the transition zone. Scale bar = 50 μm. c, d: Fluorescence 
emission spectra (λ scans) of parenchyma (c) and fibre cell walls (d) from radial tissue sections of 
sapwood, the transition zone and heartwood of 6-year-old E. bosistoana using 405 nm excitation. 
Sapwood and the transition zone wood gave similar spectra, while the heartwood spectra were shifted 





Table 3.1 shows physiological changes in parenchyma cells through a single 6-year-old E. bosistoana 
stem.The observed physiological changes were consistent with the formation of heartwood (i.e. no 
living parenchyma cells) at the centre of young (6-year-old) E. bosistoana trees.  
The transition zone in which sapwood is transformed into heartwood, was found to be ~1 cm in radial 
width, with the loss of conductivity, removal of reserve carbohydrates (starch) and the deposition of 
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Development of a bioactivity assay for ethanol extracts from 
Eucalyptus bosistoana heartwood  
 
Objective 
The objective of this study was the development of an assay to test the antifungal activity of 
heartwood extractives. The assay was subsequently used on a range of heartwood samples 
representing a range of the genetic variation in the E. bosistoana breeding population to assess the 
bioactivity of their extract.  
4.1 Introduction 
Durability of wood is attributed to secondary metabolites known as extractives (Hawley et al., 1924; 
Taylor et al., 2002). Their abundance is variable within a species (Haupt et al., 2003; Hillis, 1987; Li 
& Altaner, 2018; Rowe, 1989) and the extractive content has been linked to a timber’s resistance to 
fungal decay (Mohareb et al., 2010; Taylor et al., 2002). However, extractives are composed of 
numerous bioactive compounds including flavonoids, phenols, phenolic glycosides, saponins and 
glucosinolates (Quiroga et al., 2001; Rowe, 1989), which in turn vary in their relative quantites within 
a species. Therefore, both, extractive content and the composition of the extractives contribute to the 
natural durability of a piece of wood.  
In order to assess the bioactivity of an extract (here fungicidal activity) and further identify the most 
effective components among the numerous compounds, the influence of extractive content needs to be 
removed. In other words two pieces of wood can have the same extractive content but of different 
relative composition and therefore be of different natural durability.  
The most active compounds in the naturally durable E. bosistoana, which inhibited fungal growth 
have been found to be in the ethanol extracts (Van Lierde, 2013). Therefore, this work focused on the 
ethanol extracts of E. bosistoana.  
Numerous methods have been reported to test the bioactivity of plant extracts. Standard susceptibility 
methods are broth or agar dilution tests and disk diffusion assays (Balouiri et al., 2016). These assays 
have been used to analyse the antifungal and antimicrobial activity in countless medicinal plant 
extracts (Bafi-Yeboa et al., 2005; Chandrasekaran & Venkatesalu, 2004; Quiroga et al., 2001). The 
usage of different non-standardized approaches, inoculum preparation techniques, inoculum sizes, 
growth media, incubation conditions and endpoint determinations make the comparison between 




the determination of minimal inhibitory or fungicidal concentration (MIC, MFC) values. Either broth 
or agar dilution methods may be used for quantitative in vitro measurements of the antifungal or 
antimicrobial activity in extracts. Other methods that have been developed to determine antifungal or 
antimicrobial activity of extracts are the time-kill test (time-kill curve), an ATP bioluminescence 
assay, flow cytofluorometric and thin-layer chromatography (TLC)-bioautography, which includes 
several bioautographic techniques like agar diffusion, direct bioautography or the agar-overlay assay 
(Balouiri et al., 2016). These methods can also provide information on the nature of the inhibitory 
effect (bactericidal or bacteriostatic; time-dependent or concentration-dependent) or the cell damage 
inflicted to the test microorganism (Balouiri et al., 2016).  
The agar dilution method involves the incorporation of different concentrations of extracts into agar 
medium followed by the application of a fungal or bacterial inoculum to the surface of the agar plate 
(Wiegand et al., 2008). This method can be used to determine the minimal inhibitory or fungicidal 
concentration (MIC, MFC) after a defined time of incubation. Most reports on the bioactivity of 
heartwood extracts against wood decaying fungi employed this method, which are summarised in 
Table 4.1.  
 
Table 4.1: Summary of reports using the agar dilution method to investigate the bioactivity of wood 
extracts against wood decaying fungi. 
Tree species Extract type Fungi Reference 
Dipteryx odorata Heartwood extracts Postia placenta (Wanschura et al., 2016) 
 
Acacia mangium and  
A. auriculiformis 
Heartwood extracts Phellinus noxius,  
P. badius 
(Mihara et al., 2005) 
 
Pinus banksiana and  
P. resinosa 






Gloeophyllum trabeum , 
 Postia placenta 
(Celimene et al., 1999) 
Michelia formosana Heartwood extracts Lenzites betulina,  
T. versicolor, 
Laetiporus sulphureus, 
G. trabeum,  
Fomitopsis pinicola 






Tree species Extract type Fungi Reference 
Calocedrus macrolepis Heartwood extracts L. betulina,  
T. versicolor, 
Schizophyllum commune,  
L. sulphureus,  
G. trabeum,  
F. pinicola 
(Yen et al., 2008) 
Juniperus virginiana Heartwood extracts T. versicolor,  
G. trabeum 
(Mun & Prewitt, 2011) 
Sequoia sempervirens Heartwood extracts T. versicolor,  
G. trabeum 
(Davies et al., 2014) 








Aquilaria crassna Heartwood extracts Fusarium solani (Novriyanti et al., 2010). 
Taiwania 
cryptomerioides 
Heartwood extracts P. noxius (Chen et al., 2017) 
 
 
The broth dilution procedure involves adding extracts at various concentrations to a liquid growth 
medium and inoculate with a microbial organism (Balouiri et al., 2016). After incubation the turbidity 
represents the growth of the test organism (Balouiri et al., 2016; Wiegand et al., 2008). Broth dilution 
assays require fungal spores for analysis. Therefore, these methods are difficult to apply to 
basidiomycetes, the main wood decaying fungi, as they do not form spores until developed into 
mycelia (Wanschura et al., 2016). However, they were successfully used to identify a naphthoquinone 
derivative from teak (T. grandis) heartwood extracts with fungicidal activity against T. versicolor 
(Niamké et al., 2012) and used to investigate the fungicidal activity of Cinnamomum camphora 
heartwood extracts against G. trabeum and T. versicolor (Li et al., 2014).  
In disk diffusion assays agar plates are inoculated with a standardized inoculum of the test 
microorganism. Then, filter paper disks, which have been immersed in the extract solution, are placed 
on the agar surface. Extracts diffuse into the agar and inhibit the growth of the test microorganism. 
The gap of the inhibition zone around the filter paper disks is measured (Balouiri et al., 2016). This 
method is not appropriate to determine MIC or MIF, because it is not possible to quantify the amount 




the bioactivity against fungi is that the hyphae can easily overgrow the disk (Wanschura et al., 2016). 
The method has beed applied to assess antimicrobial activities in crude extracts of E. globulus stump 
wood and bark (Luís et al., 2014). 
A bioassay was developed by Kawamura et al. (2011) in which potato dextrose agar medium was 
dispensed with homogenised hyphae and poured into Petri dishes onto which paper disks, which had 
been immersed in extract solutions, were placed. This method is a modified version of the disk 
diffusion assay. Antifungal activity in the heartwood extracts from the Cinnamomum porrectum, 
Mangifera indica and Endospermum malaccense was assessed with this method (Kawamura et al., 
2011). 
The TLC method was used to screen wood extracts. First compounds in crude extracts were separated 
on a cellulose TLC plate, which was subsequently inoculated with the test fungi. This method allowed 
the isolation of bioactive compounds from root extracts of Vernonanthura tweedieana (Portillo et al., 
2005) or stem extracts of Rhodiola rosea (Ming et al., 2005). Kawamura et al. (2004) used this 
method to isolate four constituents which showed antifungal activity against T. versicolor from the 
ethyl acetate soluble Gmelina arborea heartwood extracts.  
Bioassays were also performed with the essential oils and leaf extracts from Eucalypts. For example 
agar dilution and disk diffusion assays were used to determine the antibacterial and antifungal 
activities in the essential oils from E. camendulensis (Mouna & Segni, 2014), E. bicostata, E. cinerea, 
E. maidenii, E. odorata and E. sideroxylon (Elaissi et al., 2012), E. tereticornis (Maurya et al., 2016), 
E. citriodora (Javed et al., 2012) or the Eucalyptus hybrid E. camaldulensis × E. tereticornis 
(Varshney et al., 2012). A broth dilution assay was used to test antifungal activity of E. maculata 
leaves extracts (Takahashi et al., 2004). 
Antifungal and antimicrobial activities of methanolic extracts from leaves, stems and flowers of E. 
torquata and E. sideroxylon were assessed by a modified disk diffusion assay (Ashour, 2008). Wells 
were drilled in the agar medium, which was previously inoculated with fungal or bacterial cultures. 
These wells were filled with extract and inhibition zones were recorded after incubation.  
The approach taken in this work was to add a known, constant amount of bioactive substance (i.e. 
powdered wood or ethanol extract) to agar in a Petri dish and then measure the growth rate of wood 
decaying fungi. The resulting difference in growth rate between extracts should be due to the relative 
amounts of the individual components in the extract, not the amount of extract. 
4.2 Materials 
4.2.1 Wood 
Heartwood and sapwood were sampled by drilling into the cross section of a disc from a 30-year-old 




screen. The samples were oven dried at 60°C (an assumed commercial timber drying temperature) to 
stable the moisture content (MC) of ~2%. 
4.2.2 Extracts 
Heartwood powder was extracted using an Accelerated Solvent Extractor (Dionex ASE 350, Thermo 
Scientific) equipped with 33 ml cells. In each run approximately 8 g milled heartwood was extracted 
with ethanol of HPLC grade as a solvent. The extraction conditions were two cycles at 70°C for 15 
min (static time) followed by rinsing with 100% of the cell volume, resulting in approximately 70 ml 
of extract. The extract solutions were transferred to pre-dried labelled aluminium foil trays of known 
mass and placed in the fume hood overnight to evaporate the ethanol. The extracts were further dried 
using a vacuum oven at 60°C to remove moisture. The dried extract was stored in Eppendorf tubes. 
4.2.3 Fungi and media 
The white rot Trametes versicolor and brown rot Coniophora cerebella were obtained from the 
School of Biological Sciences, University of Canterbury. T. versicolor and C. cerebella (facultative 
synonym for C. puteana) are listed in European standards EN 113 (1996), EN 350–1 (1994) and by 
the Australian Wood Preservation Committee (2007) for accessing the durability of wood. The fungi 
were grown on potato dextrose agar media (Oxoid) containing 4.0 g/L potato extract, 20.0 g/L 
dextrose and 15.0 g/L agar. 
4.3 Results and discussion 
4.3.1 Method 1: Heartwood powder mixed with agar 
Although difficult to control the extractive content in the experiment, adding wood powder directly to 
agar has the advantage of not requiring the preparation of wood extracts, which is a) resource 
intensive and b) has the potential to alter the chemical nature of the extracts.  
The media as well as E. bosistoana heartwood and sapwood powder were sterilized in an autoclave at 
121°C for 12 min. Wood powders were added in concentrations of 0% (control), 1% w/v, 10% w/v and 
30% w/v to 50 ml hot media, respectively. Then 10 ml of the suspensions were poured into Petri dishes 
(7 cm diameter). The dishes were inoculated with T. versicolor (0.5 mm diameter transplant) in sterile 
condition in a laminar flow cabinet and stored at 24°C in a temperature-controlled room. The radius of 
the fungus in each plate was measured every 24 h up to 6 days. The growth rates (cm/h) were 
calculated by fitting a linear regression for the diameter against time for each dish. 
No consistent and pronounced effect on growth rate of wood type or wood concentration was 
observed (Table 4.2). This was likely caused by media surrounding the wood particles offering the 




suspension of the wood particles in the media and the mixing procedure was a source for frequently 
observed contamination of the plates (Figure 4.1a, b). 
The results suggested that the powdered wood needs to be extracted with solvents to determine 
antifungal activity in vitro. The extractives remained confined to the wood particles allowing growth 
of the fungi in the media. Furthermore, it was difficult to maintain aseptic conditions while 
transferring the suspension of wood powder, resulting in contamination of the plates.  
 
Table 4.2: Growth rate (cm/h) of T. versicolor on agar mixed with E. bosistoana wood powder (n = 
1). 
Heartwood Sapwood Control 
(agar only) 
 
1% 10% 30% 1% 10% 30%  
0.077 
0.066 0.044 0.055 0.056 0.065 0.075 
 
 
Figure 4.1: Growth (white arrows) of T. versicolor on agar mixed with different amounts of (a) 
heartwood and (b) sapwood powder as well as (c) the controls (agar only) after 168 h. Contamination 





4.3.2 Method 2: Extractives added to the agar 
4.3.2.1 T. versicolor 
To improve mixing of the bioactive compounds with the agar, and therefore create a homogenous 
living environment for the fungi, a solution of extract was applied to solidified media in Petri dishes. 
In detail, 250 mg of dried E. bosistoana heartwood extract was added to 1 ml of dimethyl sulfoxide 
(DMSO). The mixture was placed in a shaker overnight. 10 ml media was poured into Petri dishes (7 
cm diameter) and left to cool and solidify. 10 μl, 25 μl, 50 μl and 100 μl of the extract solution (i.e. 
2.5 mg, 6.25 mg, 12.5 mg, 25 mg of extract, respectively) were transferred into the Petri dishes. 
Controls were prepared with 0 μl, 10 μl, 25 μl, 50 μl and 100 μl DMSO. The extracts and DMSO were 
spread on the surface of the media using disposable spreaders (Thermo Fischer). The plates were then 
inoculated with T. versicolor in sterile condition in a laminar flow cabinet and stored at 24°C to 
monitor the growth of the fungi for 7 days at 24 h intervals. The radius of the fungi in each Petri dish 
was measured using a pair of digital callipers until the fungi covered the dish. The growth rates (cm/h) 
were calculated as described above. Observations (Table 4.3) suggested that:  
a) DMSO of up to 100 μl added to 10 ml of agar did not interfere with the growth of T. 
versicolor. 
b) The growth of fungi was not significantly inhibited by the used amount of extracts as the 
growth rate of the fungus exposed to E. bosistoana heartwood extracts did not conclusively 
differ from those without extracts. However, a slightly slower growth was observed with 100 
μl extracts. 
c) No contamination was observed, indicating that maintaining sterile conditions was easier 
when applying an extract solution compared to adding wood powder (Figure 4.2). 
 
Table 4.3: Growth rate (cm/h) of T. versicolor on 10 ml agar dosed with E. bosistoana heartwood 
extract and DMSO (n = 1). 
 
Extract DMSO + Agar Control 









10 μl 25 μl 50 μl 100 μl  





Figure 4.2: Growth (white arrows) of T. versicolor on agar (a) with E. bosistoana heartwood, (b) 
DMSO and (c) only agar after 168 h. 
Consequently, higher amounts of E. bosistoana heartwood extracts were tested. This was achieved by 
adding larger amounts of the extract solution (100 μl, 500 μl, 1000 μl and 1500 μl) and DMSO to the 
agar. Observations (Table 4.4) suggested that:  
a) 500 μl DMSO and above affected the growth of the white rot T. versicolor. 
b) The growth of T. versicolor was completely inhibited with 1500 μl extract solution added to 
the Petri dish.  
c) Heartwood extractives slowed the growth of the fungus at each of the tested concentrations.  
 
Table 4.4: Growth rate (cm/h) of T. versicolor on 10 ml agar dosed with E. bosistoana heartwood 
extract and DMSO (n = 1). 





















100 μl DMSO solution containing 25 mg of extract was chosen to assess the bioactivity of extracts 
against the white rot T. versicolor.  
 
The results suggested that heartwood extracts at different tested concentrations inhibited the growth of 
fungi. This mimicked earlier studies, which used DMSO solutions of heartwood extractives of 
Chamaecyparis obtusa, P. rigida and D. odorata to determine their antifungal activity (Morikawa et 
al., 2012; Salem et al., 2016; Wanschura et al., 2016). While an inhibitory effect of higher DMSO 
concentrations on the growth rate of dermatophytes e.g. Candida albicans is known (Randhawa 
2008), low concentrations of DMSO do not affect the growth of fungi, as studies on fungal activity of 




not be the same for all wood degrading fungi due to variation in their susceptibility. Therefore the 
maximum DMSO concertation needs to be tested individually for each fungus. 
4.3.2.2 C. cerebella 
To develop an assay for assessing the bioactivity of extracts against the brown rot C. cerebella the 
same procedures as described in 4.3.2.1 were followed. 
C. cerebella were growing slower and more sensitive to the E. bosistoana heartwood extract (Table 
4.5). The growth of the brown rot was completely inhibited at the used extract dosages. Like for the 
white rot DMSO inhibited the growth of C. cerebella above 100 μl and stopped growth when adding 
1500 μl DMSO. Again no contamination was observed (Figure 4.3).  
 
Table 4.5: Growth rate (cm/h) of C. cerebella on 10 ml agar dosed with E. bosistoana heartwood 
extract and DMSO (n = 1).  
 
 
Figure 4.3: Growth (white arrows) of C. cerebella on agar (a) with E. bosistoana heartwood, (b) 
DMSO and (c) only agar after 432 h.  
The dosage was optimised by diluting 300 μl of the above described E. bosistoana heartwood extract 
solution with 500 μl DMSO, resulting in a concentration of 93.75 mg/ml. 50 μl (i.e. 4.7 mg extract) 
and 100 μl (i.e. 9.4 mg extract) of this solution as well as corresponding amounts of DMSO were 
transferred to Petri dishes and inoculated with C. cerebella as described above.  
Consistent with the experiment above, the growth of C. cerebella was not affected by the amount of 
added DMSO (Table 4.6, Figure 4.4). The growth of the fungus was inhibited with 50 μl extract (~ 
4.7 μg). 

























50 μl extract solution containing 4.7 μg E. bosistoana heartwood extract in DMSO were deemed 
suitable to assess the bioactivity against C. cerebella. 
 
C. cerebella was more sensitive to E. bosistoana heartwood extracts than T. versicolor. This 
confirmed reports, which suggested that C. puteana (facultative synonym of C. cerebella) was found 
to be more sensitive than T. versicolor to phenols, phenol ethers, and aromatic aldehydes (Voda et al., 
2003). Phenolic and aromatic compounds have been reported in eucalyptus heartwood extracts (Hillis, 
1987). The brown rot decay resistance was compared between C. puteana and Poria placenta in 
different larch heartwood species (L. decidua, L. kaempferi, L. eurolepis) (Gierlinger et al., 2004). 
The results suggested C. puteana was more sensitive to the chemical composition of larch heartwood 
extracts.  
Table 4.6: Growth rate (cm/h) of C. cerebella on agar dosed with E. bosistoana heartwood extract and 
DMSO (n = 1). 
Extract DMSO + Agar Control 
(only agar) 
50 μl (4.7 mg) 100 μl (9.4 mg) 50 μl  100 μl  
0.002 0.003 0.005 0.006 0.007 
 
 
Figure 4.4: Growth (white arrows) of C. cerebella on agar (a) with E. bosistoana heartwood, (b) 
DMSO and (c) only agar after 432 h. 
4.3.2.3 Diffusion of DMSO into agar 
DMSO was found to affect the growth of the test fungi (Table 4.3, 4.4). After applying the DMSO 




concentration. To avoid excessively high DMSO concentrations at the time of inoculation, different 
time intervals between extract application and inoculation were investigated. 100 μl and 500 μl 
DMSO was transferred to the Petri dishes as described above and left for 15 min, 30 min, and 1 h to 
diffuse into the media. The plates were inoculated with T. versicolor and assessed as described above. 
Again, while 100 μl DMSO did not affect the growth of the fungi, the higher concentration did (Table 
4.7). Allowing at least 15 min for DMSO to diffuse into the agar was sufficient to obtain growth rates 
similar to that on pure agar. Again, no contamination was observed (Figure 4.5). The results suggested 
that DMSO can be used to solubilize heartwood extracts.  
Table 4.7: Effect of diffusion time on growth rate (cm/hr) of T. versicolor exposed to 100 μl and 500 
μl DMSO on 10 ml agar (n=1). 
100 μl DMSO  500 μl DMSO  Control (only agar) 
DMSO exposure time  
15 mins 30 mins 1 hr 15 mins 30 mins 1 hr  
0.013 0.013 0.013 0.009 0.010 0.009 0.015 
 
 
Figure 4.5: Growth (white arrows) of T. versicolor exposed to (a) 100 μl and (b) 500 μl DMSO at 





4.3.3 Repeatability of the bioactivity test 
To investigate the repeatability of the above described method, five solutions of the same E. 
bosistoana heartwood extract were prepared by adding 0.05 g dried extract to 0.2 ml DMSO. These 
were assessed for their bioactivity against white rot. 100 μl of the extract solutions were transferred to 
Petri dishes. For brown rot tests, five solutions of 0.018 g dried extract added to 0.2 ml DMSO were 
prepared. 50 μl of these extract solutions were transferred to Petri dishes. The subsequent procedure 
was as described above. 
The diameter of the fungi increased linearly with time (Figure 4.6, 4.7). However, the fungi needed a 
certain lag time to establish, where no growth was observed. Restricting the calculation of the growth 
rate to the linear growth phase improved the correlation coefficients from 0.87-0.95 to > 0.95 for 
white rot (Figure 4.6) and 0.90-0.95 to > 0.95 for brown rot (Figure 4.7). Once the fungi came close 
the walls of the Petri dishes the growth rate slowed again (data not shown). 
 
Figure 4.6: Fitting linear growth rates to white rot grown in Petri dishes with heartwood extracts for 
144 h; n = 5. Excluding a lag phase in which the fungi established (red) increased the linear fit 






Figure 4.7: Fitting linear growth rates to brown rot grown in Petri dishes with heartwood extracts for 
456 h; n = 5. Excluding a lag phase in which the fungi established (red) increased the linear fit 
compared to conserving all data (blue). 
The coefficient of variation (CV) was similar for the two fungi (Table 4.8, 4.9). The repeatability of 
the growth of the fungi on the controls was better (CV 3.2 to 5.4%) than for the plates with extracts 
(CV 11.1 and 9.6%). This suggested that while the fungi expressed consistent growth the preparation 
of the extract solutions or their application to the agar introduced some variability. Pauli and Schilcher 
(2010) reported that in bioassay several factors (fungi mycelium size, pH of growth medium, 
incubation, time and temperature) may interfere in the results of repeatability. The repeatability of the 
test was generally good but to get a more precise bioactivity measure the heartwood extracts should 
be measured as replicates. This would also account for potentially contamination, which had not 
occurred in these preliminary tests.  
Bioassays are known for their high variability. For example, the Clinical Laboratory Standards 
Institute (CLSI) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
specified discrepancies between Minimum Inhibitory Concentration MIC results of no more than ± 2 




Table 4.8: Mean growth rate (cm/h), standard deviation (SDEV) and coefficient of variation (CV) of 
T. versicolor on 10 ml agar dosed with E. bosistoana heartwood extract and DMSO (n = 5). 
Extract DMSO + Agar Control (only agar) 




















Table 4.9: Mean growth rate (cm/h), SDEV and CV of C. cerebella on 10 ml agar dosed with E. 
bosistoana heartwood extract and DMSO (n = 5). 
Extract DMSO + Agar Control (only agar) 




















The differences in growth rate of the white rot fungus between the tests on the same medium (Table 
4.3, 4.4, 4.8) indicted that the growth was also affected by variables not controlled in the test set up. 
This can include variations in the room temperature or the vitality of the fungus inoculum (Hawker, 
1950). These differences can be accounted for by normalising for the control growth rate, i.e. 
calculating the relative growth rate, which expresses by how much fungal growth was inhibited by the 
treatment. This a common parties for such tests (Balouiri et al., 2016). 
Relative growth rate (%) = Ds / Dc × 100 ----------------------------------------------------- Equation 1 
Where, Ds is the diameter of growth in the plate containing the tested antifungal agent and Dc is the 
diameter of growth in the control plate. 
4.4 Conclusion 
A method of testing the bioactivity of E. bosistoana heartwood extracts against T. versicolor and C. 
cerebella was developed. 100 μl for white rot and 50 μl for brown rot of extract DMSO solution (250 
mg/ml for white rot and 93.75 mg/ml for brown rot) were transferred to 7 cm Petri dishes filled with 
10 ml hardened agar. The extracts were spread on the surface of agar media using disposable 
spreaders. The dishes were inoculated with 0.5 mm mycelium after 15 minutes in sterile condition in 
laminar hood and stored at 24
°
C. The diameter of the fungus in the agar plates was measured daily 
until it filled the Petri dish. Controls were run with (100 μl for white rot and 50 μl for brown rot) and 
without (agar only) DMSO. Tests were done as replicates of five. The growth rates (cm/h) were 




the linear growth of the fungi. Good sterility i.e. no contamination was observed and the test had a CV 
of less than 11.1% within a batch. Variation in growth rate between different runs needed to be 
accounted for by normalising the fungal growth rate by that in the controls, i.e. calculating a relative 
growth rate.  
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Heartwood extractives are composed of hundreds of secondary metabolites including terpenes, 
flavonoids, phenylpropanoids, amines and alkaloids that impart durability and biotic resistance to 
heartwood (Duchesne et al., 1992). In Eucalypts, heartwood extractives are predominately comprised 
of polyphenols such as tannins, the esters of gallic and ellagic acids or cinnamic acid derivatives 
(Conde et al., 1995; Hillis, 1971, 1991; Rudman, 1964). The quantity and composition of these 
extractives varies between species, between individual trees of a species and within a tree (Hillis, 
1987; Taylor et al., 2002). The natural durability of timber does not necessarily correspond to the 
amount of extractives i.e. extractive concentrations, but also depends on the composition of 
extractives (Taylor et al., 2002). Therefore, heartwood durability research in a breeding programme 
needs to consider the most potent extracts and their chemical composition for the next generation 
durability improvement. The variability in extractive content and composition, which exists between 
trees of a species, is influenced by environmental and genetic factors. Variation in extractive content 
in E. globulus heartwood was observed between trees and sites (Morais & Pereira, 2012). Mosedale et 
al. (1996a) reported variation in the concentration of ellagitannins in the heartwood of oak species 
(Quercus robur and Q. petraea) between forests and found that the ellagitannins content is under 
strong genetic control (Mosedale et al., 1996b). Significant variation in the heartwood compounds (β-
thujaplicin, ratio between γ- and β-thujaplicin and methyl thujate) was detected within and between 
western red cedar (Thuja plicata) within and between regions (Daniels & Russell, 2007).  
Variation in the composition of heartwood flavonoids in regional populations of sweet cherry (Prunus 
avium) was reported under genetic and environmental control while age of the trees had no effect on 
the distribution of flavonoid aglycones (Vinciguerra et al., 2003). This line with reports by Fries et al. 
(2000), who suggested, the phenotype of extractive compounds can be influenced by environmental 
conditions such as soil fertility. Site soil composition was reported to influence the amount of 
lipophilic extractives in E. dunnii and E. grandis (Kilulya et al., 2014). Also variation in decay 
resistance among individual trees of a single species has been reported to be extensive due to genetic 




Eucalyptus species were classified into four groups, based on the extractive composition (Hillis, 
1991). Condensed tannins are characteristic in the heartwood of a group with pink to red brown 
heartwood (e.g. E. camaldulensis, E. grandis, E. marginata), while hydrolysable tannins are 
characteristic for a group with pale-light coloured outer heartwood (e.g. E. delegatensis). A third 
group with brown heartwood (e.g. E. wandoo) features stilbenes, ellagitannins and ellagic acids and a 
fourth group with heartwood that has a greasy feel (e.g. E. maculata, E. microcorys) contain eucalenol 
and steroids in addition to ellagic acid and ellagitannins.  
The quantification of individual extractive components is difficult because the numerous compounds 
have different physical and chemical properties. However, selective identification and quantification 
of some compounds are feasible by chromatographic methods such as Gas Chromatography (GC) and 
High Performance Liquid Chromatography (HPLC) combined with mass spectrometry (MS). 
Literature shows that the GC is now the most common technique for the characterisation of wood 
extractives (Fernandez et al., 2001; Gutiérrez et al., 1998; Sitholé et al., 1992). For GC analysis 
heartwood extractives often need to be derivatized by methylation, silylation or acetylation to allow 
analysis (Davies et al., 2014; Fernandez et al., 2001). Compounds identified in the heartwood extracts 
of Eucalyptus species by various chromatographic techniques are summarised in Table 5.1. 
Table 5.1: Compounds identified in the heartwood extracts of Eucalyptus species by different 
chromatographic techniques. 
Species Compounds Analytical technique Reference 
E. marginata  Catechin, 
Proanthocyanidins, 
Ellagitannins, Stilbenes 
Paper and liquid 
chromatography 
(Hillis & Carle, 1962) 
E. wandoo Resveratrol (3,5, 
trihydroxystilbene), 
3 β-D-glucoside 





Ellagic acid, Gallic acid, 
Catechin, Ellagitannins 
Two dimensional paper 
chromatography 
(Hillis & KoichiroIsoi, 
1965) 
Resveratrol (resveratrol-β-
glucoside), 3,3′-di- and 
3,3′,4-tri-o-methylellagic 




(Hillis et al., 1974) 
E. sieberiana Catechin Paper chromatography 
with  




Octanoic acid, Decanoic 
acid, Octanedioic acid, 1-
dodecanol, Dodecanoic 





mass spectrometry  
(GC-MS) 




Species Compounds Analytical technique Reference 
E. camaldulensis Polyphenol (Catechin), 
Resin acids, Fatty acids, 
Glycerides, Triterpenes, 
Steryl esters, Sterols and 




 GC-MS (Benouadah et al., 2018) 
E. wandoo Reveratrol glucoside 
Aglucone 




Stilbenes Paper and liquid 
chromatography 
Hillis and Carle (1962) 




(Lee & Chang, 2000) 
E. delegatensis Ellagitannins, Ellagic 
acid  
Paper chromatography  (Hillls & Carle, 1959; 
Seikel & Hillis, 1970) 
 
Van Lierde (2013) determined the bioactivity ethanol, ethyl acetate and water extracts of E. 
bosistoana heartwood and found that ethanol extracts have highest fungicidal activity against 
Trametes versicolor and Gloeophyllum trabeum. In order to assess the bioactivity of an ethanol 
extract and further quantify the most effective component among the numerous compounds by gas 
chromatography, the influence of extractive content needs to be removed. In other words two pieces 
of wood can have the same extractive content but of different relative composition (or vice versa) and 
therefore different natural durability.  
The objectives of this study were to i) quantify the variability in bioactivity of E. bosistoana 
heartwood extracts, ii) quantify the variability of the composition of E. bosistoana heartwood extracts 
and iii) identify key chemical compounds affecting the growth of wood decaying organisms. In this 
study the bioactivity of 91 E. bosistoana extracts from two different sites was investigated. A constant 
amount of extract was added to agar in a Petri dish and then the growth rate of wood decaying fungi 
on extracts was compared to the growth rate on pure agar. The resulting difference in growth rate 
between extracts was due to the relative amounts of the individual components in the extract, not the 
amount of extract. Variation in extractive components was quantified by gas chromatography for all 
91 trees and subsequently correlated to the relative growth rates. 
5.2 Materials and methods 
5.2.1 Material 
91 Heartwood disks were obtained from 7-year-old E. bosistoana breeding trials planted in 2009. 
These trees were grown at two different sites, Lawson and Craven Road (41°26´S, 173°56´E and 




versicolor and the brown rot Coniophora cerebella, obtained from the School of Biological Sciences, 
University of Canterbury were used for the fungal assays. 
Heartwood powder was prepared and extracted with ethanol as described in chapter 4. The mass of 
each oven-dried extract was measured and the extractive content was calculated on a dry mass basis.  
5.2.2 Fungal assays 
The method described in chapter 4 was used to test the bioactivity of the E. bosistoana heartwood 
ethanol extracts. In brief, 10 ml of autoclaved (121
°
C, 12 min) potato dextrose agar (Oxoid - 
containing 4.0 g/L potato extract, 20.0 g/L dextrose and 15.0 g/L agar) was poured into 7 cm Petri 
dishes. 100 μl (250 mg/ml) or 50 μl (93.75 mg/ml) of dimethyl sulfoxide (DMSO) extract solution 
were spread onto the surface of the solidified agar with a disposable spreader for white rot and for 
brown rot tests, respectively. Controls were run with pure agar and 100 μl or 50 μl DMSO, 
respectively. Five replicates for each fungi and extract were conducted resulting in 1160 dishes. The 
assays were conducted in 25 batches over a period of 20 weeks due to lack of space and time taken for 
growth rate measurements of the large number of dishes. The relative growth rate was calculated as 
defined in equation 1 (chapter 4) using the agar controls only.  
5.2.3 Gas chromatography (GC) 
For each sample, 10 mg of dried heartwood extract were mixed with 90 μl pyridine in Eppendorf (1.5 
ml) tubes to which 10 μl internal standard solution (5 mg betulin (Sigma Aldrich) dissolved in 1 ml of 
pyridine) was added. A 15 μl aliquot of this solution was trimethylsilylated at room temperature using 
50 μl of N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA, Supelco Analytical) in a septum-sealed 
vial for 20 min according to the supplier's recommendations. The trimethylsilyl derivatives were 
analysed with a gas chromatograph (Agilent 7820A), fitted with a fused-silica capillary column 
(Agilent DB-5 - 30 m x 0.320 mm x 0.25 µm) using helium as the carrier gas and FID detection at 
300°C. The initial oven temperature was set to 116°C, ramped up to 280°C at 7°C/min and held for 20 
min. Each sample was analysed twice after a blank and a pyridine run. 
Individual compounds were identified by comparing the E. bosistoana heartwood extracts with an E. 
globoidea heartwood extract. Some compounds were previously identified in E. globoidea heartwood 
extracts by GS-MS (Schroettke, 2018). These E. globoidea extracts were previously run on the same 
GC system but in the meantime shortening of the column resulted in a shift of the retention times of 
up to 0.7 min (i.e. the internal standard betulin at ~27.9 min).  
5.2.4 Data extraction from chromatograms and data analysis  
Peaks of the chromatograms were integrated using integration tool in the Chem Station software 
(Agilent, Rev.c.01.07) and refined manually for the largest 33 peaks including the internal standard. 




aligned manually in Excel. Peak area of 32 retention times were normalised by the peak area of the 
internal standard before duplicate runs were averaged. Data analysis was performed using R 
programming language (Team, 2013) including ANOVA and T-tests. The ggplot2 (version 2.2.1) 
package (Wickham, 2009) was used to plot graphs. An alpha of 0.05 is used as the cut off for 
significance in this chapter. 
Multivariate analysis (Partial Least Squares Regression) between the quantified heartwood 
compounds and the relative growth rates of white rot (T. versicolor) and brown rot (C. cerebella) was 
performed using the plsdepot (version-0.1.17) package in R (Sanchez, 2012). This analysis was 
performed to identify the most important compounds showing bioactivity of the E. bosistoana 
heartwood extracts on the growth of white rot (T. versicolor) and brown rot (C. cerebella). 
5.3 Results and discussion 
Data for extractive content and relative growth rates of white rot (T. versicolor) and brown rot (C. 
cerebella) in heartwood extracts of 91 samples are shown in the Table 5.2. The largest variation was 
found for extractive content, with the samples from the Craven Road site having a lower extractive 
content. Brown rot was more susceptible to the E. bosistoana heartwood extracts and the effect was 
also more variable than for white rot.  
Table 5.2: Summary statistics of extractive content in E. bosistoana heartwood from 7-year-old trees 
and the effect of ethanol extracts on the relative growth rates of the white rot Trametes versicolor and 
the brown rot Coniophora cerebella for 2 sites. CV: Coefficient of variation, n: number of samples. 
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5.3.1 Bioactivity of extracts 
An F-test (ANOVA) of the growth rates for the controls between the batches showed significant 
differences for both fungi (Table 5.3). This confirmed the need to normalise the growth rate of fungi 
exposed to extracts by the growth rate of the controls (only agar) without extract in order to make the 




which expressed how much slower (or faster) the fungus grew when exposed to the extract compared 
to the control conditions.  
Table 5.3: F-test (ANOVA) of the growth rate of the controls in different batches (white rot (T. 
versicolor): 15 batches with 5 replicates for each control type; brown rot (C. cerebella): 10 batches 
with 5 replicates for each control type). 
Fungi F value P value 
 only agar DMSO + agar only agar DMSO + agar 
White rot 108.71 212.89 <2.2 e-16 <2.2 e-16 
Brown rot 53.04 116.13 <2.2 e-16 <2.2 e-16 
 
There was no evidence of different growth rates in the two type of controls for both, white rot (t = 
0.24, p = 0.814) and brown rot (t = 0.15, p = 0.878) (Table 5.4). This confirmed that the used 
quantities of DMSO had no effect on the test, and the changes in growth rate were caused by the 
heartwood extracts. 
Table 5.4: T-test showing no difference in the growth rates of the white rot (T. versicolor) and brown 
rot (C. cerebella) between the controls, i.e. with and without DMSO (white rot: 15 batches with 5 
replicates for each control type; brown rot: 10 batches with 5 replicates for each control type). 








The relative growth rate of white rot (t = 42.65, p < 2.2 e-16) and brown rot (t = 27.13, p < 2.2 e-16) 
was significantly lower when exposed to ethanol extracts of E. bosistoana heartwood compared to the 
controls (Table 5.5). The brown rot was more sensitive to the E. bosistoana extracts than the white rot 
as the growth was more retarded by smaller amounts of extract (Figure 5.1).  
Table 5.5: T-test showing lower relative growth rates of white rot (T. versicolor) and brown rot (C. 
cerebella) when exposed to ethanol extracts of E. bosistoana heartwood compared to the controls. 
Fungi T-test p value Mean in group (sample estimate) 





42.65 p < 2.2 e-16 100.14 % 82.96% 
Brown rot 
 





Figure 5.1: Box-and-whisker plot of relative growth rates of brown rot (C. cerebella) and white rot (T. 
versicolor) when exposed to ethanol extracts of E. bosistoana heartwood. The white rot was less 
affected. 
No relationship between the growth rates of white rot and brown rot in extracts was observed for 
either of the two sites. A t-test showed that the slope was not different than 0, (t = 0.09, p = 0.932) 
(Table 5.6). This was consistent with the small coefficient of determination (R
2 
= 0.01) (Figure 5.2). 
Similar observations were reported by Davies et al. (2014) for Sequoia sempervirens (redwood) and 
Ohtani et al. (2009) for Cryptomeria japonica (sugi) heartwood extracts. The observation suggested 
that the growth rates of the fungi were inhibited by different compounds of the extracts. Kirker et al. 
(2013) reported that individual components in extractives confer durability rather than bulk presence 
of extractive. For example in vitro tests suggested that thujaplicin, a natural fungicide in the 
heartwood extracts of Thuja plicata (western red cedar), was found to be toxic to brown rot but not so 
effective against white rot (Roff & Atkinson, 1954). Similarly naphthoquinone, a compound in the 
heartwood of Tectona grandis (teak) was found to have a stronger negative effect on the brown rots 
Polyporus palustris and Gloeophyllum trabeum than the white rots T. hirsuta, T. versicolor and 
Pycnoporous sanguineus (Thulasidas & Bhat, 2007). Therefore, as stated by Taylor et al. (2006) or 
Morris and Stirling (2012), it is not possible to focus on a single heartwood compound to understand 
the resistance of the wood against multiple biodegrading organisms. 
In Eucalypts, extractives are predominately comprised of tannins (Conde et al., 1995; Hillis, 1972, 




reported to be less inhibitory to T. versicolor (white rot) than Poria manticola (brown rot) (Hart & 
Hillis, 1972). It was suggested that this variation was caused by the difference in the protein-tannin 
binding capacity of different tannin protein mixtures, which is influenced by molecular size and 
chemical structure (Rudman, 1963). 
Table 5.6: T-test and coefficient of determination between the growth rates of white rot (T. versicolor) 
and brown rot (C. cerebella) when exposed to ethanol extracts of E. bosistoana heartwood. 
 
 
Figure 5.2: Relationship between the growth rates of white rot (T. versicolor) and brown rot (C. 
cerebella) when exposed to ethanol extracts of E. bosistoana heartwood. R
2
 = 0.01. 
No correlation was observed between the extractive content in the wood, which was variable, and the 
relative growth rates of the fungi exposed to a fixed quantity of extract (Table 5.7, Figure 5.3). 
However, when taking sites factors into account the extractive content had a negative influence on the 
bioactivity towards the white rot for the Lawson, but not the Craven Road site (Table 5.8, Figure 
5.4a). This suggested that the trees with elevated extractive content at the Lawson site deposited more 
compounds into the heartwood, which were not bioactive against T. versicolor. For the brown rot C. 
cerebella no evidence of a relationship between growth rate and extractive content in the wood was 








found in either of the two sites (Table 5.8, Figure 5.4b). This suggested that extractive content was not 
associated with a change in extractive composition increasing or decreasing the amount of fungicidal 
compounds for these fungi.  
Table 5.7: Coefficient of determination between the extractive content in heartwood of 7-year-old E. 
bosistoana and relative growth rates of white rot (T. versicolor) and brown rot (C. cerebella).  
 
 
Figure 5.3: Relationships between the relative growth rates of white rot (T. versicolor) (R
2 
= 0.010) 
and brown rot (C. cerebella) (R
2 
= 0.004) with extractive content in E. bosistoana.  
 
Table 5.8: Relationship between growth rates of white rot (T. versicolor) brown rot (C. cerebella) 
with extractive content in Lawson and Craven Road. 
Sites White rot Brown rot 
 Slope T-test  P value Slope T-test  P value 
Lawson 1.01 2.45 0.020 -0.42 -0.35 0.723 
Craven Road 0.77 1.54 0.128 -0.87 -1.04 0.303 








Figure 5.4: Relationship between the heartwood extractive content of 7-year-old E. bosistoana and the 
relative growth rate of a) white rot (T. versicolor) and b) brown rot (C. cerebella). Red: Lawson; 
black Craven Road. 
5.3.2 Variation in bioactivity between trees 
Variation in the relative growth rates of white rot (Figure 5.5a) and brown rot (Figure 5.5b) were 
observed between trees (see also Appendix 1). Tukey tests were conducted to compare the relative 
growth rates of white rot (Figure 5.6a) and brown rot (Figure 5.6b) exposed to the sample extracts. 
The results showed that there were significant differences between the trees and consequently 




Erdtman et al. (1951) reported a regional influence on the amount of pinosylvin in Pinus sylvestris in 
Sweden. Later high heritability of the heartwood extractives pinosylvin, resin acids, fatty acids and 
sterols were found for this species (Fries et al., 2000). Gansel & Squillace (1976) reported strong 
genetic control of the terpene composition in P. ellotti with negligible plantation effects. Genetic 
variability in the quantity of 10 out of 42 terpenes was reported for P. nigra and based on the terpene 
composition P. nigra populations were divided into two geographical groups (Bojovic et al., 2005). 
Genetic analysis of β-pinene concentration in individual trees demonstrated monogenic heredity 
(Zavarin et al., 1990a, 1990b). Tree-to-tree phenotypic variation and high heritabilities were also 
reported for the bioactive heartwood compounds plicatic acid, thujaplicatin methyl ether, β-
thujaplicin, γ-thujaplicin, β-thujaplicinol, thujic acid, and methyl thujate, in the ethanol extract of 
Thuja plicata (Daniels & Russell, 2007).  
Puech et al. (1999) summarised natural variation in the concentration of heartwood tannins in oaks. 
High variation within and between trees and populations was observed. However, the relative 
importance of different factors such as species, forest origin (or provenance) that influenced the 
variation in the concentration of ellagitannins remained unclear. A study suggested that the variation 
in the concentration of heartwood ellagitannins was a heritable property and not influenced by the 
growth rate of the trees. This agreed with the observation that ellagitannins and volatile compounds 
were highly variable among individuals in heartwood of Q. pyrenaica (Fernández et al., 2006). 
Guilley et al. (2004) reported positive correlations between the amount of the ellagitannins roburine, 
grandinin, vescalagin and castalagin and decay resistance in Q. petraea. 
Extractive content is known to increase radially from pith to the sapwood-heartwood boundary, 
including Eucalyptus species (Wilkes, 1984). This radial pattern of within tree extractive content 
cannot be considered for variation in decay resistance between E. bosistoana trees in this experiment 







Figure 5.5: Box-and-whisker plots representing variation in relative growth rates of a) white rot (T. 






Figure 5.6: Tukey test shows all 4095 pairwise 95% confidence intervals in mean differences between 
91 samples from a) white rot (T. versicolor) and b) brown rot (C. cerebella). There are 1190 





No statistical significant difference in relative growth rates was observed between the two sites for the 
brown rot (Table 5.9). Although statistically significant (p = 0.028), the difference in the relative 
growth rates between both sites for the white rot was small, with 82.01% and 83.50% for Lawson and 
Craven Road, respectively (Table 5.9). Reports on differences in durability between sites were 
typically associated with a higher extractive content in wood, for which was normalised in this 
experiment. For example Harju et al. (2003) found that P. sylvestris from a site with more durable 
wood contained also higher amounts of heartwood extractives (total acetone-soluble extractives, resin 
acids, pinosylvin and the total phenolics quantified as tannin acid equivalents). This lines with 
observations on T. grandis, for which variability in natural durability, total extractive content as well 
as the amounts of individual compounds was reported between trees, plantations and geographical 
zones (Kokutse et al., 2006; Thulasidas & Bhat, 2007; Windeisen et al., 2003). Morais & Pereira 
(2012) reported an influence of site on the extractive content in E. globulus. 
 
Table 5.9: Site effect on the relative growth rates of white rot (T. versicolor) and brown rot (C. 
cerebella) exposed to E. bosistoana heartwood extract. 
 
5.3.3 Identification of compounds in ethanol extracts of E. bosistoana heartwood 
The chemical composition in the ethanol extracts was analysed by GC. A typical chromatogram of 
silylated E. bosistoana heartwood extracts is shown in Figure 5.7 and in higher resolution in 
Appendix 2. Numerous compounds were well separated. The chromatogram was overlaid with that of 
a silylated E. globoidea heartwood ethanol extract. The heartwood extracts of the two species were 
similar and differed mainly in the relative amounts of the individual compounds. The E. globoidea 
heartwood extract was previously analysed by GC-MS, what allowed the identification of some 
compounds (Schroettke, 2018). By comparing the E. bosistoana and E. globoidea extracts six 
compounds were identified (Table 5.10). The unspecified ‘polyphenol’ peak at 25.1 min might be 
catechin, which was observed in heartwood of E. camaldulensis (Benouadah et al., 2018). The authors 
also reported the presence of monosaccharides including fructose, glucose and another unidentified 
hexose in the hydrophilic heartwood extract.  
 
Fungi T-test p value Mean in group (sample estimate) 
   Lawson Craven Road 









Similarities in the chemical composition of heartwood extracts of Eucalyptus species have been 
described (Hillis, 1991). While compounds such as stilbenes have been suggested as taxonomic 
marker for closely related Eucalyptus species, the heartwood compound, 3’,4-tri-o-methylellagic acid-
4’-glucoside was considered a marker for the close relationship between the Eucalyptus groups iron 
barks (e.g. E. paniculata and E. sideroxylon) and boxes (e.g. E. bosistoana) (Brooker, 2000; Hillis et 
al., 1974). The compound is related to hydrolysable tannin, which has been described characteristic 
for eucalypts with pale-light coloured heartwood such as E. bosistoana (Bootle, 2005; Hillis, 1991). 
 Limited information is available about the identification of Eucalyptus species based on the chemical 
composition in heartwood. Chemotaxonomy studies were mainly based on leaf extracts (Hillis, 1966, 
1967), however, it was possible to draw conclusions on the polyphenols in Eucalyptus wood from the 
leaf extracts.  
 
Figure 5.7: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) 







Table 5.10: Compounds identified by comparing the chromatograms of E. bosistoana heartwood 
extracts with E. globoidea (Schroettke, 2018). 
Retention times (min) Chemical compounds 
10.9 benzoic acid 
11.5 hexadecanoic acid 
12.5 1,5-dihdroxy-12-methoxy-3,3-dimethyl-3,4-
dihydro-1H-anthra[2,3-c]pyran-6,11-dione 
14.1 Octadecanoic acid, TMS ester 
25.1 polyphenol 
25.2 beta-sitosterol  
 
5.3.4 Chemical composition of extracts 
5.3.4.1 Identification of bioactive compounds 
Analysis was performed to correlate the normalised peak areas of the retention times with the relative 
growth rates of brown rot and white rot. None of the considered compounds showed a significant 
correlation to the bioactivity tests (Table 5.11).  
Table 5.11: Coefficients of determination (R
2
) between the relative amounts of E. bosistoana 
heartwood compounds and the relative growth rates of brown rot (C. cerebella) and white rot (T. 
versicolor).  





4.5 0.005 0.012 
6.2 0.013 0.001 
6.4 0.008 0.007 
6.7 0.006 0.001 
8.4 0.014 0.001 
9.0 0.003 0.009 
9.1 0.002 0.001 
9.2 0.003 0.002 
9.7 0.004 0.001 
9.9 0.003 0.006 
10.2 0.011 0.062 
10.9 
(Benzoic acid, 3,4,5-tris[TMS(oxy)]-
,TMS ester ) 
0.016 0.004 
11.1 0.001 0.017 
11.2 0.003 0.004 
11.5  
(Hexadecanoic acid, TMS ester) 
0.011 0.021 
11.7 0.001 0.012 
12.7 0.024 0.002 
19.5 0.004 0.001 
21.4 0.005 0.001 
21.5 0.006 0.001 




22.8 0.002 0.013 
23.3 0.001 0.015 
24.8 0.002 0.007 





(Beta-sitosterol TMS ether) 
0.013 0.031 
25.4 0.006 0.003 
31.5 0.009 0.004 
32.7 0.002 0.026 
33.3 0.007 0.003 
34.7 0.006 0.014 
 
Multivariate analysis identified two groups of compounds (Figure 5.8). Compounds 10.2 and 11.5 
(Hexadecanoic acid) were most important for predicting the bioactivity of the E. bosistoana 
heartwood extracts towards white rot (T. versicolor) (Figure 5.8a) and brown rot (C. cerebella) 
(Figure 5.8b). The same compounds were affecting the growth of the brown rot (C. cerebella), but the 
other 30 components differed in the first principal component for the brown rot. The other 30 
compounds were grouped together and differed in the second principle component for white rot and in 
the first principal component for brown rot. 
However, for both fungi, only a small part of the variation in bioactivity was explained by two 
principal components (Appendix 3, 4). The total variance in relative growth rate explained by the first 
two principle components was 13.1% (9.2% and 3.9%, respectively) for white rot (T. versicolor) and 
15.8% (8.9% and 6.9%, respectively) for brown rot (C. cerebella). This suggested that other 
compounds, not captured in the GC analysis contributed to the bioactivity against the two tested fungi. 
GC relies on compounds entering the gas phase, which is difficult for larger and more hydrophilic 
molecules. Derivatisation, like acetylation or silylation, can aid the transition of hydrophilic 
compounds into the gas phase; however, the size of a molecule makes this more difficult. Therefore, 
the GC analysis of the hydrophilic ethanol extracts form E. bosistoana heartwood was likely not to 
capture larger compounds. HPLC was suggested as an alternative method to quantify larger molecular 





Figure 5.8: Influence of heartwood compounds in E. bosistoana heartwood on the growth of the a) 
white rot (T. versicolor) and b) brown rot (C. cerebella) analysed by partial least squares regression 
analysis (PLSR). Compounds that are near each other are highly correlated in the first two principal 
components. Compounds at 10.2 and 11.5 (Hexadecanoic acid) min in the black box aligned with the 
relative growth rate (orange line) and were considered different to the other 30 compounds grouped 
together in red box.  
5.3.4.2 Site influence on the chemical composition 
Figure 5.9 shows the variation in relative proportions of 32 E. bosistoana compounds between the two 
sites. Differences in the chemical composition between the sites were analysed with a T-test for the 
peak areas after normalisation by internal standard, for each of the quantified compounds. P values 
suggested significant variation for eight compounds between the sites (Table 5.12). One of the 
compounds could be identified as “polyphenol” and is potentially catechin. 
The identified site influences are in agreement with the statement by Hillis (1987) that extractive 
composition is dependent on species, and varies within a species with the morphological part of the 
tree (roots, knots, bark, stem), age, season and location. Variation in heartwood extractives between 
species and locations (sites) are relevant to this study.  
Investigation of the influence of geographical origin and species on extractives in oaks (Q. alba, Q. 
robur and Q. petraea) suggested variations in the content of whiskey lactone and ellagitannins 
differentiated species, whereas the content of eugenol, 2-phenylethanol, vanillin, and syringaldehyde 
were the most important features for distinguishing the geographical origin within species (Prida & 
Puech, 2006). Similar observations were reported by Guchu et al. (2006) who demonstrated variation 




guaiacol, eugenol and vanillin) between Q. robur and Q. petraea. The content of volatile compounds 
in Q. petraea was higher than in Q. robur and variation between geographical provenances was less 
than between species. Kilulya et al. (2014), evaluated the effect of site, species and tree sizes on the 
amount of lipophilic heartwood extractives from E. dunnii and E. grandis. GC–MS analysis showed 
that saturated fatty acids dominated in lipophilic extracts of E. dunnii from one site, whereas 
unsaturated fatty acids dominated in samples from another two sites. Correlation of the amount of 
lipophilic extractives with tree species/clones and soil type was revealed by principal component 
analysis (PCA), with trees grown on sites with high clay and organic matter content containing higher 
amounts of lipophilic extractives. However, in all the sampled sites E. dunnii was found to contain a 
higher amount of lipophilic extractives than E. grandis. 
 
Table 5.12: E. bosistoana heartwood compounds with a significant difference between the Lawson 
and Craven Road sites. 














Figure 5.9: Box-and-whisker plots representing amount of heartwood compounds in E. bosistoana 
between Lawson and Craven Road. Eight compounds showing significant variation between the sites 
are highlighted by a box. RT: retention time in min; X-axis units: Peak area in relation to internal 
standard. 
5.4 Conclusion 
Ethanol extracts from E. bosistoana heartwood were less effective on the white rot (T. versicolor) 
with a relative growth rate of 82.96% than the brown rot (C. cerebella) (60.47%). No relationship was 
found between the growth rates of white rot and brown rot in extracts (t = 0.09, p = 0.932) indicating 
that different compounds in the extracts inhibited the growth of the two fungi. 
No correlation was observed between the extractive content in the wood and the bioactivity of the 
extracts against the brown rot (R
2
 = 0.004). Extractive content in the wood had a negative influence 
on the bioactivity towards the white rot for the Lawson, but not the Craven Road site. This suggested 
that the trees with elevated extractive content at the Lawson site deposited more compounds into the 
heartwood, which were not bioactive against white rot.  
Significant variability was found in the bioactivity of E. bosistoana heartwood extracts against white 




= 95.59%) between the trees. The difference in the relative growth rates of white rot between the sites 
was small and only significant for white rot. Therefore, the site influence on the bioactivity of the 
heartwood extracts was small. 
Thirty two compounds were quantified by GC in E. bosistoana ethanol extracts of which six were 
identified. Variation was present in composition of the extracts between trees and sites. Multivariate 
(PLSR) analysis identified compounds eluting at 10.2 and 11.5 min (Hexadecanoic acid) to be most 
related to the bioactivity of the E. bosistoana heartwood extracts against the tested white rot and 
brown rot. Significant variation in eight compounds (9.9, 11.2, 11.7, 22.3, 22.8, 23.3, 25.1, 33.3), out 
of 32 compounds was found between the sites. However, these did not have a large effect on the 
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Appendix 1: Extractive content (ethanol) of the E. bosistoana wood samples and the mean relative 
growth rates for white rot (T. versicolor) and brown rot (C. cerebella) when exposed to the extract as 
well as their standard deviation (SDEV) (n=5).  

























B 105-36 Lawson 10.918 79.599 5.621 64.591 8.096 
B 105-4 Lawson 11.334 89.346 3.165 49.292 4.427 
B 113-27 Lawson 5.574 70.467 2.596 90.371 11.018 
B 122-54 Lawson 9.424 74.466 3.883 71.939 29.843 
B 127-76 Lawson 11.762 77.375 2.308 69.464 18.535 
B 131-20 Lawson 10.274 84.496 1.026 79.642 16.610 
B 131-24 Lawson 10.607 76.454 3.449 41.973 7.833 
B 131-35 Lawson 7.396 81.113 2.226 95.598 2.496 
B 134-18 Lawson 12.424 77.562 5.364 58.053 12.632 
B 135-2 Lawson 10.918 91.506 3.532 79.454 9.025 
B 136-31 Lawson 8.485 80.244 3.225 38.331 4.603 
B 137-19 Lawson 8.216 76.454 1.806 54.881 6.494 
B 139-2 Lawson 10.22 76.454 3.307 63.482 9.775 
B 139-24 Lawson 9.444 83.485 4.384 51.852 5.734 
B 139-37 Lawson 6.043 76.731 2.318 44.101 6.758 
B 140-3 Lawson 14.789 82.609 7.346 66.474 11.156 
B 140-34 Lawson 13.102 81.605 6.411 78.314 7.017 
B 140-63 Lawson 10.562 82.898 2.971 39.064 17.225 
B 142-4 Lawson 9.325 77.562 1.696 42.747 4.699 
B 94-24 Lawson 10.244 72.853 4.656 36.312 5.940 
B141-76 Lawson 10.204 87.681 7.711 36.316 3.378 
BC 13-1 Craven road 6.131 90.651 2.799 64.519 8.733 
BC 14 Craven road 6.009 94.660 1.317 57.873 5.133 
BC 14-1 Craven road 4.762 78.358 1.689 53.240 8.690 
BC 14-2 Craven road 5.002 73.130 3.843 69.117 3.059 
BC 14-3 Craven road 4.399 83.234 2.897 59.919 5.019 
BC 15-1 Craven road 17.190 90.956 1.128 57.550 3.010 
BC 16-1 Craven road 5.125 76.177 3.115 45.324 10.279 
BC 17-1 Craven road 4.984 73.938 2.718 56.495 8.288 
BC 21-1 Craven road 3.932 92.873 5.225 45.813 4.828 
BC 23-1 Craven road 2.797 90.830 2.206 60.924 8.198 
BC 27 Craven road 5.133 90.792 2.087 41.992 4.781 
BC 3 Craven road 3.293 77.987 4.100 73.468 6.949 
BC 30 Craven road 4.392 87.823 3.774 66.350 2.652 
BC 31 Craven road 2.719 79.735 1.107 66.741 2.598 
BC 31-1 Craven road 3.018 85.220 6.028 66.741 10.211 
BC 32 Craven road 2.956 93.396 8.936 60.712 12.290 
BC 32-1 Craven road 2.758 86.011 3.279 68.161 5.338 
BC 33-1 Craven road 5.675 81.990 3.332 53.699 3.916 
BC 34-1 Craven road 4.444 86.341 3.037 50.955 12.643 
BC 34-2 Craven road 3.773 79.354 1.965 71.848 15.690 
BC 34-3 Craven road 3.69 88.153 1.410 68.161 10.692 
















BC 36-1 Craven road 5.570 91.153 1.706 58.261 5.405 
BC 36-2 Craven road 3.959 87.993 3.848 54.268 5.971 
BC 37-1 Craven road 4.71 76.395 2.989 66.896 22.281 
BC 39-1 Craven road 1.926 81.132 5.167 72.073 6.635 
BC 41 Craven road 7.506 85.554 6.091 64.187 5.232 
BC 43-1 Craven road 6.625 82.976 6.018 63.787 6.001 
BC 43-2 Craven road 5.743 90.818 4.220 59.491 5.190 
BC 44 Craven road 6.026 80.536 1.779 40.741 8.356 
BC 46-1 Craven road 6.93 76.731 3.476 52.366 9.733 
BC 48 Craven road 3.873 76.464 2.003 47.941 3.603 
BC 50-1 Craven road 5.606 85.625 4.575 54.146 3.733 
BC 54-1 Craven road 2.084 69.030 2.459 54.102 13.069 
BC 7 Craven road 4.327 83.214 3.839 76.725 10.547 
BC 72 Craven road 3.746 80.393 3.127 61.531 9.676 
BC 72-1 Craven road 3.457 90.384 1.619 58.450 6.756 
BC 72-2 Craven road 5.647 71.785 2.066 48.420 8.777 
BC4-1 Craven road 7.85 88.427 2.250 80.363 9.151 
BC4-2 Craven road 3.75 82.865 1.999 46.452 6.695 
BC4-A Craven road 6.259 86.212 2.247 50.047 6.992 
BC4-B Craven road 2.809 81.548 1.916 66.013 11.056 
BC9-1 Craven road 2.877 84.273 2.854 65.150 9.046 
BC9-2 Craven road 7.593 88.407 2.648 73.333 12.059 
BCX-1 Craven road 2.917 84.477 3.486 62.602 4.073 
BCX-10 Craven road 2.917 86.658 1.995 71.895 8.761 
BCX-11 Craven road 3.662 84.203 3.168 52.521 12.458 
BCX-12 Craven road 2.492 78.873 2.846 58.588 9.270 
BCX-13 Craven road 4.656 87.374 2.998 72.671 14.651 
BCX-14 Craven road 3.261 90.208 2.854 33.733 6.854 
BCX-15 Craven road 2.58 84.940 2.355 61.894 11.297 
BCX-2 Craven road 2.61 79.874 6.230 66.322 9.713 
BCX-3 Craven road 1.622 81.460 5.529 57.072 6.010 
BCX-4 Craven road 3.553 82.151 3.464 65.235 8.992 
BCX-5 Craven road 4.149 73.284 4.357 60.385 10.599 
BCX-6 Craven road 2.957 88.723 3.347 53.177 13.737 
BCX-8 Craven road 2.854 83.962 6.817 71.151 10.504 
BCX-9 Craven road 1.323 73.422 3.812 76.510 8.002 
BL 25 Lawson 12.219 78.158 5.481 55.929 7.425 
BL 30-1 Lawson 14.014 91.724 2.657 67.968 8.799 
BL 33 Lawson 11.46 94.834 2.740 53.618 5.169 
BL 4 Lawson 4.34 75.900 2.838 68.601 3.833 
BL 44 Lawson 6.881 79.242 1.940 51.703 5.768 
BL 5 Lawson 11.794 87.885 3.006 62.001 10.704 
BL 51 Lawson 7.418 89.826 2.780 82.320 11.278 
BLX-1 Lawson 10.681 79.384 2.466 52.638 5.557 
BLX-2 Lawson 14.673 87.327 2.419 65.460 5.470 
BLX-3 Lawson 10.901 83.616 4.124 49.065 3.771 
BLX-5 Lawson 10.010 89.967 5.208 78.571 4.871 




Appendix 2: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana 
(blue) and E. globoidea (red) with retention times. 
 
Figure 1: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 






Figure 2: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 4.5 and 7.5 min retention time. Black arrows indicating peaks at retention 






Figure 3: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 8 and 12.5 min retention time. Indicated peaks (arrows) at the retention 
times 8.4, 9.0, 9.1, 9.2, 9.7, 9.9, 10.2, 10.9, 11.1, 11.2, 11.5 and 11.7 were selected for further 
analysis. Compound identified at the retention times 10.9 and 11.5 min by comparing the 






Figure 4: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 10 and 13.5 min retention time. Indicated peak (arrow) at the retention 
times 12.7 min was selected for further analysis. Compound identified at the retention time 12.5 min 







Figure 5: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 11.5 and 16 min retention time. Compound identified at the retention time 
14.1 min (arrow) by comparing chromatograms of E. bosistoana heartwood extracts with E. 






Figure 6: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 






Figure 7: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 18.5 and 20.5 min retention time. Indicated peak (arrow) at the retention 






Figure 8: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 21 and 23.5 min retention time. Indicated peaks (arrow) at the retention 







Figure 9: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) and 
E. globoidea (red) between 24 and 29 min retention time. Indicated peaks (arrow) at the retention 
times 24.8, 24.9, 25.1, 25.2 and 25.4 min were selected for further analysis. Compound identified at 
the retention times 25.1 and 25.2 min (arrow) by comparing chromatograms of E. bosistoana 















Figure 10: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) 
and E. globoidea (red) between 30 and 33 min retention time. Indicated peaks (arrow) at the retention 






Figure 11: Gas chromatograms of silylated ethanol extracts from heartwood of E. bosistoana (blue) 
and E. globoidea (red) between 32 and 36 min retention time. Indicated peak (arrow) at the retention 






Appendix 3: Loadings of the 1st and 2nd principal components for partial least squares regression (P
LSR) model of the growth of the white rot T. versicolor by the 31 quantified compounds in E. bosisto
ana heartwood ethanol extracts. 
 





4.5 0.268 -0.020 
6.2 0.192 -0.335 
6.4 0.289 -0.238 
6.7 0.165 -0.338 
8.4 0.299 -0.198 
9.0 0.295 -0.165 
9.1 0.153 -0.079 
9.2 0.047 -0.141 
9.7 0.242 -0.229 
9.9 0.233 -0.042 
10.2 0.122 0.392 
10.9 0.307 -0.167 
11.1 0.262 -0.135 
11.2 0.268 -0.086 
11.5 0.162 0.290 
11.7 0.311 -0.079 
12.7 0.218 -0.057 
19.5 0.161 -0.221 
21.4 0.139 -0.154 
21.5 0.244 -0.205 
22.3 0.259 -0.151 
22.8 0.315 -0.119 
23.3 0.292 -0.133 
24.8 0.247 -0.113 
24.9 0.229 -0.056 
25.1 0.275 0.035 
25.2 0.235 0.025 
25.4 0.110 -0.286 
31.5 0.141 -0.315 
32.7 0.306 -0.034 
33.3 0.178 -0.226 












The results of Appendix 3 shows that the two PLS components have a r-square of 0.133 by adding 
values of t1 and t2 in predicting white rot (T. versicolor) relative growth rate (WRGR). Results can be 
further simplified by the total variance in relative growth rate explained by the first two principle 




Appendix 4: Loadings of the 1st and 2nd principal components for partial least squares regression (P
LSR) model of the growth of the brown rot (C. cerebella) by the 31 quantified compounds in E. bosist
oana heartwood ethanol extracts 
 





4.5 -0.205 0.269 
6.2 -0.574 0.074 
6.4 -0.524 0.200 
6.7 -0.531 0.064 
8.4 -0.516 0.202 
9.0 -0.511 0.191 
9.1 -0.272 0.098 
9.2 -0.136 0.033 
9.7 -0.433 0.179 
9.9 -0.209 0.215 
10.2 0.185 0.151 
10.9 -0.505 0.210 
11.1 -0.419 0.190 
11.2 -0.287 0.234 
11.5 0.058 0.170 
11.7 -0.352 0.264 
12.7 -0.423 0.096 
19.5 -0.407 0.078 
21.4 -0.240 0.111 
21.5 -0.466 0.154 
22.3 -0.248 0.262 
22.8 -0.346 0.284 
23.3 -0.318 0.269 
24.8 -0.261 0.236 
24.9 -0.299 0.178 
25.1 -0.375 0.176 
25.2 -0.374 0.167 
25.4 -0.194 0.126 
31.5 -0.304 0.126 
32.7 -0.330 0.262 
33.3 -0.402 0.106 












The results of Appendix 4 shows that the two PLS components have a r-square of 0.158 by adding 
values of t1 and t2 in predicting brown rot (C. cerebella) relative growth rate (BRGR). Results can be 
further simplified by the total variance in relative growth rate explained by the first two principle 





Woundwood and heartwood features in Eucalyptus bosistoana 
 
6.1 Introduction 
Trees can be screened in a breeding programme at age (1 - 2 years) for wood properties such as 
growth stress, collapse, density or stiffness. Early selection reduces trial costs, shortens breeding 
cycles and ensures timely deployment of improved material. Early selection for heartwood is 
challenging because heartwood formation in Eucalypts starts at age ~5 years. Early selection for 
heartwood would be possible if a strong correlation of heartwood to another tree feature is found 
(Harju et al., 2009; Yu et al., 2003). Woundwood originates from a similar metabolic pathway as 
heartwood, with both tissues featuring reduced permeability and water content as well as deposited 
extractives (Hillis, 1987; Shigo & Hillis, 1973; Taylor et al., 2002). The objective of this study was to 
correlate wound reaction with heartwood features in E. bosistoana families using statistical, 
microscopic and chemical analysis. A strong correlation would allow screening Eucalypts for 
heartwood at age 1 - 2, i.e. before heartwood is formed.  
Xylem responds to injury by tissue regeneration. Trees have a defence mechanism which is triggered 
by injury or infection. The concept of a tree’s response to wounding was described as 
“compartmentalisation”, which is also known under the acronym CODIT “compartmentalisation of 
decay in trees” (Shigo, 1984). Compartmentalisation may be considered as a conceptual model related 
to the process of boundary formation in trees, which prevents the spread of infection in tree stems. 
This model describes four different types of static barriers called “walls” that resist the spread of 
infection. Wall 1 resists vertical (axial) spread, wall 2 resists inward (radial) spread, and wall 3 resists 
lateral (tangential) spread. Among these defence walls, wall 1 (axial) is the weakest, whereas, wall 2 
(radial) is moderately strong. When the injuries approach deeper sheaths of xylem, the resisting power 
of wall 2 decreases. Wall 3 (lateral) is the strongest wall of compartmentalisation. Wall 4 differs from 
the other boundaries, because it is newly produced by living cells after wounding, while walls 1 to 3 
are established ahead of wounding during wood formation (Nakaba et al., 2017). Wall 4 contains an 
anatomically modified tissue layer near the wound known as barrier zone, which can be observed in 
form of discolouration and is referred to as “woundwood” in this study. Several terms are used for this 
dynamic mechanism in trees such as pathological heartwood (Busgen et al., 1929; Chattaway, 1952), 





Two types of tissue, i.e. the newly formed and the existing modified tissue can be distinguished in the 
response to wounding. First the formation of new callus tissue with which trees closes the wound. 
Parenchyma cells in phloem and sapwood xylem are associated with the production of callus. 
Secondly xylem tissue existing prior to wounding and undergoing anatomical and histochemical 
changes due to injury (Eyles et al., 2003). This second type of tissue is the focus of this study and 
referred to as “woundwood”. In many species such as Acer and Betula (Bauch et al., 1980), Fagus 
sylvatica (European beech) (Torelli et al., 1994) and Liriodendron tulipifera (Yellow-poplar) 
(Lowerts et al., 2007), physiological and metabolic changes in parenchyma cells are visible in form of 
deposition of secondary metabolites (extractives), metabolisation of reserve material (e.g. starch) or 
formation of protruding structures called tyloses. The extent of discolouration depends on the size of 
the wound. Discolouration may be a few centimetres in length for smaller wounds such as drill holes, 
but could extend to several decimetres or more with severe damage to trees (Liese & Dujesiefken, 
1990). 
Parenchyma cells are also involved in heartwood formation. Physiological changes observed during 
heartwood formation are similar to the changes after wounding. During heartwood formation, 
parenchyma cells metabolise reserve materials and typically synthesize secondary metabolites as well 
as develop blockages in the conducting cells, which in hardwoods often involves formation of tyloses. 
The parenchyma cells then undergo programmed cell death. The accumulation of secondary 
metabolites called heartwood extractives imparts natural durability and colour to xylem. 
While woundwood and heartwood formation have similarities including the presence of secondary 
metabolites (extractives) and reduced permeability, there are also differences. Woundwood is 
triggered by external events, whereas heartwood is initiated by internal factors (Spicer, 2005). The 
chemical composition of extractives found in woundwood was reported to differ both qualitatively 
and quantitatively from those of heartwood (Hillis, 1987). Little information is available on 
woundwood formation in Eucalyptus species. Barry et al. (2001) identified wide range of 
hydrolysable tannins in both healthy sapwood and in reaction zone extracts of E. nitens by HPLC with 
ESI-MS (electrospray ionisation-mass spectroscopy). The compounds in the extracts included 
gallotannins (tri‐O‐galloyl‐β‐D‐glucose, tetra‐O‐galloyl‐β‐D‐glucose, penta‐O‐galloyl‐β‐D‐glucose), 
and ellagitannins (pedunculagin, tellimagrandin I, casuarinin, casuarictin, tellimagrandin I). 
Pedunculagin was more abundant in the reaction zone than in sapwood. Eyles et al. (2003) reported a 
range of secondary metabolites such as polyphenols (proanthocyanidins, flavonol, flavanone 
glycosides, hydrolysable tannins such as pedunculagin, stilbene glycosides, terpenes) in the 
woundwood of E. globulus and E. nitens.  
The correlation between heartwood features of Pinus sylvestris (Scots pine) trees and the wound 




between the concentration of the heartwood compound pinosylvin in the woundwood of the offspring 
and that in the heartwood of the mother trees was reported. Li et al. (2018) reported heritabilities of 
0.66 - 0.71 for heartwood diameter and 0.16 - 0.25 for extractive content in 7-year-old E. bosistoana 
trees.  
This work details the correlation of wound reaction of 27 E. bosistoana families with heartwood 
diameter and extractive content. Variation in starch, tyloses and extractives between woundwood, 
heartwood and sapwood in two families, one with large and one with small wound reaction, were 
analysed in more detail by microscopy and gas chromatography (GC).  
6.2 Materials and methods 
6.2.1 Woundwood data 
In 2015, E. bosistoana breeding trial was established at a tree nursery in Woodville, New Zealand. 
Trees were planted in family blocks of eight individuals, with blocks replicated at least 3 times 
(Altaner, 2017; Davies & Altaner, 2017). This trial included 27 families (seed of one tree), which 
were present in breeding trials planted in 2009 and previously assessed for heartwood (Li, 2018). The 
surviving individuals with a stem diameter >3 cm in 3 blocks i.e. 8 - 22 individuals per family 
(Appendix 1) were wounded by drilling a 5 mm hole through the stem at ~50 cm height with a battery 
powered drill (Figure 6.1). The 1.6-year-old trees were wounded on the 29
th
 September 2016. Wounds 
on the trees were marked with spray paint to assist harvest after 6 weeks of wounding, on the 10
th
 
November 2016. The wounded section of the stem was recovered and the wound was exposed by 
splitting the stem through the pith perpendicular to the drilled hole. The two halves of each sample 
were oven dried at 60°C and the wound reaction was assessed with and without staining using a pH 
indicator (0.01 % methyl orange in water) (Figure 6.2). Like heartwood, the discoloured zone 
(woundwood) changed pink in colour by application of indicator solution, which indicated presence 
of acidic extractives similar to heartwood (Li et al., 2018). Hillis (1987) reported a pH value of 2.6 in 
the heartwood of E. diversicolor. The discoloured zone was measured with a calliper in the axial 
direction excluding the drilled holes. Variation in the colour of the indicator reaction on woundwood 
was observed between the samples. This indicated differences in the chemical composition of extracts 
between samples. Only the measurement of the wound reaction in one stem half was considered in the 
following analysis as the measurements on the 2 halves were identical. 
Two families with small (family 2) and large (family 24) wound reactions were selected to investigate 
physiological and chemical variations in woundwood, heartwood and sapwood by microscopy and 
GC. 21 trees were available for family 2 and 22 for family 24.  
Data for other tree and wood properties of the 27 E. bosistoana families at age 1.6-years-old were 




stiffness, volumetric shrinkage, tree height and diameter. For a detailed description of the 
experimental procedures see Davies and Altaner (2017). 
 
Figure 6.1: Wounding of 1.6-year-old E. bosistoana by drilling a hole through the stem at ~50 cm 
height with a battery powered drill (a). Wound marked with a box on the tree (b). 
6.2.2 Heartwood data 
Data on heartwood diameter and extractive content were available for 7-year-old E. bosistoana from 
breeding trials planted in 2009 (Li & Altaner, 2018). These were established at two sites (Craven 
Road, Lawson) and assessed in 2016 by taking a ~14 mm diameter core from the base of the stem. 
The sapwood and heartwood diameter were measured on the green cores after highlighting the 
heartwood with a pH indicator (methyl orange). The ethanol soluble extractive content was predicted 
from NIR spectra taken from the cross-section of dried cores (Li, 2018). A detailed description on 
genetic heritability between heartwood diameter and extractive content between the E. bosistoana 
families was reported by (Li et al., 2018).  
Ten cores for family 2 (small wound reaction) and eight cores for family 24 (large wound reaction) 
were available for microscopy and GC analysis. Table 6.1 outlines the number of samples used for the 







Table 6.1: Woundwood and heartwood samples used for woundwood analyses. 
Number of 
samples 
Family 2 Family 24 
Woundwood 
samples 
Heartwood cores Woundwood 
samples 
Heartwood cores 
Total 22 10 21 8 
Microscopy 4 4 4 4 
GC 18 6 17 4 
 
6.2.3 Sample preparation for microscopy 
Four samples/trees from each family were used for the sample preparation. Sections, 2 - 3 cm 
containing the wounded tissue, were cut from the 1.6-year-old wounded stems with a band saw and 
chiselled into pieces ~0.5 cm in tangential and 0.5 - 1 cm in the radial direction. Heartwood from four 
cores (14 mm diameter) from the 7-year-old-trees were split into 1 cm (radial) pieces. The wood 
pieces were immersed in hot water for 48 h to reduce the hardness of the wood. Longitudinal sections 
(10 - 20 µm thick) were prepared using a sledge microtome and mounted in glycerol for microscopy. 
6.2.4 Microscopy 
Radial sections, either unstained or stained with iodine/potassium iodide (0.1% in water) to visualise 
starch grains, were mounted in glycerol. Subsequent steps were the same as described in chapter 3 
(3.2.2) including image processing (3.2.5). 
6.2.5 Spectral analysis 
A Leica SP5 confocal microscope system operating on a DMI6000 inverted microscope and equipped 
with 20x NA 0.7 and 63x NA 1.3 glycerol immersion lenses (Leica, Germany) was used for imaging. 
To detect variations in the autofluorescence of the wood samples on the cellular level, fluorescence 
emission spectra were recorded using an excitation wavelengths of 405 nm, with emission collected 
from 420 to 700 nm. Images were recorded at 512 pixels square resolution with a 10 nm wide window 
and with a 5 nm step size. Image intensities were quantified as described in chapter 3 (3.2.4).  
While heartwood samples came from cores of 7-year-old trees of the 2009 E. bosistoana breeding 
trial, woundwood and healthy sapwood near woundwood originated from 1.6-year-old trees if the 
2015 E. bosistoana. For each of the four trees of the families chosen for small and large wound 
reaction two sections were prepared. Therefore in total eight spectra were collected for each wood and 
cell type, which were finally averaged.  
6.2.6 Extraction 
Heartwood was isolated from six cores of 7-year-year-old trees of family 2 (small wound reaction) 
and four cores of family 24 (large wound reaction). Discoloured tissue (i.e. woundwood) was isolated 
by drilling into the stem halves of the 1.6-year-old trees with a 0.5 mm drill. Healthy sapwood near 




Heartwood pieces from the cores and sawdust collected from woundwood and heathy sapwood were 
pooled for each family, milled to pass a 20 mesh screen and oven dried at 60°C. The wood powder 
samples were stored in paper bags inside a desiccator over silica gel prior use. 
Samples were extracted using an Accelerated Solvent Extractor (Dionex ASE 350, Thermo Scientific) 
equipped with 33 ml cells. Subsequent steps were the same as described in chapter 4 (4.2.2). 
Extractive content of heartwood was calculated on a dry mass basis.  
6.2.7 Gas chromatography (GC) 
Subsequent steps were the same as described in chapter 5 (5.2.3). Peaks of the chromatograms were 
manually integrated in the Chem Station software (Agilent, Rev.c.01.07) and 37 peaks were chosen 
including the internal standard. Subsequent steps were same as described in chapter 5 (5.2.4). GC data 
was analysed in the R programming language (Team, 2013) including ANOVA and T-test. The 
ggplot2 (version 2.2.1) package (Wickham, 2009) was used to plot graphs. The package ‘ggfortify’ 
auto plot (version- 0.4.5) (Horikosh et al., 2018) was used to perform principle component analysis. 
An alpha of 0.05 is used as the cut off for significance in this chapter. 
6.2.8 Statistical analysis 
A mixed multivariate ‘animal’ model was used to estimate the heritability of the wound reaction of 
the population. The model consisted of fixed (replicates, staking and edge effects) and random plot 
effects to describe environmental influences. Numerous site and operational effects were checked for 
significance within this framework, and found to be negligible. The pls package (version 2.5 - 
0) (Mevik et al., 2015) using the plsr algorithm with leave-one-out cross-validation to develop 
calibration models and the ggplot2 package (version 2.2.1) (Wickham, 2009) was used to plot graphs. 
6.3 Results and discussion 
6.3.1 Wound reaction 
The wound reactions, observed in form of discolourations, were more prominent in the axial than the 
radial direction (Figure 6.2). This coincided with the CODIT model Shigo (1984) that states that the 
axial wall is much weaker than the radial barrier. Discolourations were reported after mechanical 
wounding in the stems of various species and age, such as 20-year-old Fagus sylvatica (European 
beech) (Schmitt & Liese, 1993), 20-year‐old E. regnans (White & Kile, 1993), 14-year-old E. 
maculata, 9-year-old E. globulus and E. nitens (Eyles et al., 2003), 60-year-old Cryptomeria japonica 
(Japanese cedar) (Nakaba et al., 2017) or 45-year-old Tilia americana (Basswood) (Schmitt & Koch, 
2009). While the brown discolourations around the edges of the wound coincided with the 
observations reported here, it was difficult to compare the size and shape of the discolourations as 
they were reported to vary between species, tree age and wound size. Nakaba et al. (2017) reported 




phenolic compounds, from 1 - 8 weeks after wounding in C. japonica. This lines up with the 
observations of Yamada (1998), suggesting xylem parenchyma synthesize phenolic compounds in 
response to wounding in C. japonica. 
The wounded tissue of the stem recovered by splitting showed variation in the extent of wound 
reaction between trees (Table 6.2). Large within family variation in the wound reaction was observed 
(Figure 6.3). Apart from low genetic control of the trait, uncertainty in the assessment caused by low 
contrast between sapwood and woundwood could have contributed to the large variation. 
Furthermore, the wounded stem section sometimes contained knots, potentially adding noise to the 
wound reaction data. 
 
Figure 6.2: Representative wound reaction in dried samples of 1.6-year-old E. bosistoana families 6 
weeks after wounding. Family 2 with small wound reaction (top row) and family 24 with large wound 
reaction (bottom row). Discolouration (marked with a box) was accessed with (a, c) and without (b, d) 






Table 6.2: Summary statistics for wound reaction in 27 E. bosistoana families at age 1.6-year-old 
from Woodville. Extractive content and diameter of heartwood for 27 E. bosistoana families aged 7- 
year-old from the Lawson and Craven Road sites. CV: Coefficient of variation, n: number of samples. 
 Wound reaction (mm) 
 
(n = 470) 
Extractive content 
(%) 
 (n = 528 ) 
Heartwood diameter 
(mm) 
 (n = 528 ) 
Min 0.1 0.04 3 
Max 3.5 13.34 82 
CV (%) 49 44 59 
6.3.2 Heritability of wound reaction 
Figure 6.3 shows the 27 E. bosistoana families ranked for wound response 6 weeks after wounding. 
The heritability of the wound reaction was estimated from the data. The heritability of the wound 
reaction was 0.26 with a 95% credibility interval of 0.00 to 0.53. The genetic control was similar to 
that of growth-strain, but lower than those of other physical wood properties for trees from a different 
trial (Davies et al., 2015). In agreement with this result, compartmentalisation in seven half-sibling 
tree pairs of Juglans nigra was reported to be genetically controlled (Armstrong et al., 1981). 
Heritability (h
2
) of 0.26 would allow for genetic selection. However, selection for wound reaction is 
not desirable in itself as the amount of wound reaction is of no commercial benefit. Nevertheless, if 
the wound reaction is correlated to a trait of commercial interest it can be used as a proxy for genetic 
selection. This can be useful if the wound reaction is more efficient (cost, time) to analyse than the 
target trait.  
Harju et al. (2009) investigated mechanical wounding in P. sylvestris seedlings as an early testing 
method for heartwood durability. They estimated a heritability of 0.31 for the concentrations of the 
heartwood compound pinosylvin in the heartwood of the mother trees from its concentration in the 
woundwood of the offspring. Apart from the chemical composition, the decay resistance has also been 
shown to be under genetic control, e.g. moderate to high heritability was reported for E. cladocalyx 
provenances (Bush et al., 2011) or moderate heritabilities of decay resistance against brown rots (h
2 
= 
0.21) and white rots (h
2 





Figure 6.3: 27 E. bosistoana families ranked for the axial size of their wound response 6 weeks after 
wounding at age 1.6-year-old.  
6.3.3 Correlation of wound reaction to heartwood features 
Heartwood features were not assessed on the same trees, which were wounded. However, heartwood 
data was available for the same families from another trial (Li & Altaner, 2018). Therefore, 
correlation between heartwood and wound reaction traits was possible on a family basis. The amount 
of heartwood as well as the extractive content within the heartwood differed between the sites. 
Differences were observed for the population means as well as the individual family means. No strong 
correlations were found between the axial dimensions of the wound reaction and heartwood diameter 
or extractive content for the individual sites or the pooled data (Table 6.3). The weak correlations 
between wound reaction and heartwood diameter for Lawson East and the pooled data as well as the 
extractive content at Lawson North were not significant considering the large confidence intervals.  
Table 6.3: Correlations between family means of length of axial wound reaction (mm) and heartwood 
diameter (mm) as well as extractive content (%). 95% credibility intervals are given in parentheses. 
Site Heartwood diameter Extractive content 
Lawson North -0.18 (-0.57, 0.27) -0.11 (-0.52, 0.34) 
Lawson East -0.30 (-0.61, 0.95) 0.12 (-0.28, 0.48) 
Craven Road  -0.15 (-0.50, 0.25) -0.07 (-0.44, 0.32) 





Genetic and environmental factors influenced the ranking of families based on wound reaction and 
heartwood properties. In this study, environmental factors might have had a stronger impact because 
the trials were situated in different topographic and climatic conditions. Larger environmental effects 
are likely to weaken the correlations between wound reaction and heartwood properties of families. Li 
et al. (2018) reported stable and moderately stable rankings of E. bosistoana families for heartwood 
diameter and extractive content, respectively. Several reports suggest the season of wounding, growth 
rate of trees, interval of wound exposure and wound size affect the wound reaction in trees. 
Armstrong et al. (1981) reported greater discolouration in the stems of J. nigra (Black walnut) 
wounded in fall than in spring. Mireku and Wilkes (1989) concluded season, climatic conditions and 
species influenced the development of discolouration in E. maculata, while the seasonal pattern was 
found inconclusive in E. delegatensis (Gadgil & Bawden, 1981) and other deciduous hardwoods 
(Shigo, 1976).  
Therefore, it might still be possible to screen E. bosistoana early (at age ~1.6-year-old) for natural 
durability but with a different assessment of the wound reaction. If the study is to be repeated it 
should be considered to place trials on the same site with uniform environmental conditions and 
exposing the trees for a longer interval after wounding. 
6.3.4 Phenotypic and genetic correlation between wound reactions to other wood 
properties  
Wood properties of 27 E. bosistoana families from Woodville Davies and Altaner (2017) were 
correlated with the wound reactions from same families (Table 6.4). Coefficients of determination 
showed no phenotypic correlation between wound reactions with wood properties in 27 families 
(Table 6.4). Likewise, no strong genetic correlation between the axial length of the wound reaction 
and other properties or tree size was observed. This implied that the wound reaction cannot be used as 
a proxy measure for those traits. In particular the independence of the wound reaction from tree size is 
noteworthy as larger trees with large and small wound reaction can be found. This might indicate that 
the available physiological resources for a tree are not a restricting factor for wound response, at least 








Table 6.4: Genetic and phenotypic correlations between length of axial wound reaction and other 
wood and tree properties in E. bosistoana at age ~2. 95% credibility intervals are given in 
parentheses.  
Traits Genetic correlation to wound 
reaction 
Phenotypic correlation to 
wound reaction 
Growth-strain -0.02 (-0.64, 0.60) 0.0001 
Acoustic velocity 0.15 (-0.25, 0.55) 0.0009 
Density 0.27 (-0.17, 0.70) 0.0003 
Stiffness 0.22 (-0.20, 0.64) 0.0014 
Volumetric shrinkage 0.26 (-0.25, 0.76) 0.000001 
Tree height 0.04 (-0.65, 0.73) 0.0026 
Diameter 0.08 (-0.68, 0.84) 0.0158 
6.3.5 Variation in starch and tyloses 
Starch, which is localised in amyloplasts was detected as black granules with potassium iodide stain. 
Starch labelling was present in the radial parenchyma cells of healthy sapwood (black arrows, Figure 
6.4b, d). This matched observations described in chapter 3 where starch was found in sapwood of 6- 
year-old E. bosistoana trees (Figure 3.3). As with heartwood (Figure 3.3, 4 - 6 cm) amyloplasts were 
absent from woundwood (Figure 6.4a, c). The loss of starch was observed as a first detectable 
cytological response in the injured parenchyma cells of Quercus bicolor (Swamp white oak) (Wardell 
& Hart, 1970). Similar observations were reported in the woundwood of C. japonica (Nakaba et al., 
2017). Longitudinal sections from wounded sapwood xylem showed the presence of starch away from 
the wound (black arrows, Figure 6.5), similar to formation heartwood (Figure 3.3, 4 - 6 cm).  
Vessels were open in healthy sapwood away from the wound (Figure 6.4b, d) whereas they were 
blocked with tyloses in woundwood (arrows, Figure 6.4a, c). This was similar to heartwood formation 
(arrows, Figure 3.8, 4-6 cm). Vessels were either blocked by tyloses or open indicating that the wound 
response was finalised (white arrows, Figure 6.5). This was different to heartwood formation in the 
transition zone, where vessels in the early stages of tyloses were found towards the cambium (arrows, 
Figure 3.8, 3 & 7 cm). Schmitt and Liese (1993) reported vessels blocked by tyloses in mechanically 
wounded F. sylvatica, which is consistent with the present study.  
Physiological variations in amyloplasts and tylose formation were indistingushable between the 






Figure 6.4: Starch-containing amyloplasts stained black with iodine/potassium iodide in longitudinal 
sections of 1.6-year-old wounded E. bosistoana xylem. Top row (a, b): family 2 with small wound 
reaction; bottom row (c, d): family 24 with large wound reaction. Amyloplasts were absent in 
woundwood (a, c), but were present in healthy sapwood away from the wound (b, d, black arrows). 
Tyloses were present in the vessels of woundwood (a, c, white arrows) but were absent in the healthy 
sapwood away from the wound (b, d). Scale bars = 50 μm. 
 
Figure 6.5: Longitudinal sections from of 1.6-year-old wounded E. bosistoana xylem stained for 




reduced towards the woundwood. Tyloses (white arrows) were present in the vessels of woundwood, 
but absent in the vessels in healthy sapwood away from the wound. a) Family 2 with small wound 
reaction and b) family 24 with large wound reaction. Scale bars = 300 μm. 
 
6.3.6 Variation in extractives using confocal microscopy 
Fluorescence emission spectra of parenchyma and fibre cells of woundwood and healthy sapwood 
from 1.6-year-old stems of E. bosistoana as well as heartwood from 7-year-old E. bosistoana trees 
cores were quantified with spectral (λ) scans using a confocal microscope at 405 nm excitation. 
Fluorescence emission spectra of parenchyma and fibre cells of heartwood, woundwood, and healthy 
sapwood indicated differences in chemical composition (Figure 6.6). The emission spectra for 
woundwood were more similar to those of healthy sapwood than those of heartwood. Emission 
spectra maxima for heartwood were at longer wavelengths reflecting the light-brown ‘pinkish’ colour 
of the heartwood (Bootle, 2005). The slight redshift of the emission spectra of from healthy sapwood 
(472 - 480 nm) to woundwood (476 - 484 nm) agreed with the macroscopic observation of a slightly 
discoloured wound reaction zone (Figure 6.2). For both, woundwood and healthy sapwood the 
emission spectra of the fibres were redder than the parenchyma cells. This was reversed in the 
heartwood, with the parenchyma cells having fluorescence emission maxima at higher wavenumbers, 
indicating that the heartwood extracts are predominately located in parenchyma cells, what was also 
found in samples described in chapter 3 (Figure 3.9c, d). Emission spectra for family 24 were 
consistently shifted to longer wavenumbers indicating a difference in colour between the 2 families. 
As differences in emission spectra were likely caused by the presence of extractives in heartwood 
(Koch & Kleist, 2001) and woundwood (Faizal et al., 2017; Harju et al., 2009; Nakaba et al., 2017), 
the difference between the families could be interpreted as a difference in chemical composition. 
These in turn could influence timber traits like natural durability. The colour differences in themselves 






Figure 6.6: Fluorescence emission spectra (λ scans) of parenchyma cells (a, c) and fibre cells (c, d) 
from heartwood (blue), woundwood (red) and healthy sapwood (green) tissue sections using 405 nm 
excitation. Family 2 with small wound reaction (a, b) and family 24 with large wound reaction (c, d). 
Each spectrum is the average of 8 spectra (2 sections of 4 trees each).  
 
6.3.7 GC analysis of woundwood extractives 
The chemical compositions of the ethanol extracts of woundwood, heartwood and sapwood were 
analysed by GC. A typical chromatogram of silylated E. bosistoana woundwood, heartwood and 
sapwood is shown in Figure 6.7 and appendix 2. The chromatograms showed differences in chemical 
composition of the ethanol extracts between the three wood tissues. Six compounds (benzoic acid, 
hexadecanoic acid, 1,5-dihdroxy-12-methoxy-3,3-dimethyl-3,4-dihydro-1H-anthra[2,3-c]pyran-6,11-
dione, octadecanoic acid, a polyphenol and beta-sitosterol) were identified by comparing the E. 
bosistoana and E. globoidea heartwood extracts, which had been previously analysed by GC-MS 
(chapter 5, Table 5.10) (Schroettke, 2018). In analogy six compounds (tentatively identified as 
benzoic acid, tentatively identified as hexadecanoic acid, 1,5-dihdroxy-12-methoxy-3,3-dimethyl-3,4-
dihydro-1H-anthra[2,3-c]pyran-6,11-dione, octadecanoic acid, polyphenol, and tentatively identified 




reports of hydrophilic E. camaldulensis sapwood extracts, for which monosaccharides such as 
fructose, glucose, another unidentified hexose and polyols such as pinitol and quinic acid were 
reported to be the main compounds (Benouadah et al., 2018). 
Table 6.5: Compounds identified by comparing the chromatograms of silylated E. bosistoana 
sapwood extracts with GC-MS data from E. globoidea sapwood (Schroettke, 2018).  
Retention times (min) Chemical compound 
10.9 Tentatively identified as benzoic acid 
11.5 Tentatively identified as hexadecanoic acid  
12.5 1,5-dihdroxy-12-methoxy-3,3-dimethyl-3,4-dihydro-
1H-anthra[2,3-c]pyran-6,11-dione 
14.1 Octadecanoic acid 
25.1 polyphenol 
25.2 Tentatively identified as beta-sitosterol  
 
It is interesting to note that the peak at 25.1 min identified as ‘polyphenol’ in heartwood (Schroettke, 
2018) appeared to composed of at least 4 poorly separated compounds, which were better resolved 
due to more equal concentrations in E. bosistoana sapwood and woundwood. The overlapping 
compound eluating slightly after the polyphenol were identified as beta-sitosterol in sapwood. Beta-
sitosterol is a commonly reported sapwood component and was also identified by GC-MS in the 
sapwood of wounded F. salvytica (Vek et al., 2014).  
 
Figure 6.7: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 




Eyles et al. (2003) reported a diverse range of polyphenolic compounds such as proanthocyanidins, 
flavonol, flavanone glycosides, stilbene glycosides and hydrolysable tannins such as pedunculagin in 
the woundwood of E. globulus and E. nitens. The authors speculated that these compounds impart 
pathogenic resistance against wood degraders such as white and brown rots. Similarly, the compounds 
in E. bosistoana could act in a synergistic way. However, such compounds were not identified in the 
woundwood ethanol extracts of E. bosistoana by GC-MS analysis after silylation. E. globulus and E. 
nitens woundwood extracts have also been analysed by high performance liquid chromatography 
(HPLC) (Eyles et al., 2003), which offers the advantage of a) being able to identify underivatised 
compounds and b) not requiring the compounds to enter the gas-phase. It is likely that the databases 
used to identify the compounds by GC-MS contained only a limited number of silylated compounds 
Schroettke (2018) and that a large proportion of the ethanol soluble compounds from the E. 
bosistoana wood were too large or hydrophilic to suit GC analysis.  
As only a fraction of the extractive compounds was identified in this study, the chemical composition 
of the extracts was analysed by a principle component analysis of the major 36 compounds. 
Woundwood extracts were more similar to heartwood extracts than sapwood extracts, as both 
principle components separated sapwood from woundwood extracts but only principle component 1 
separated heartwood from woundwood extracts (Figure 6.8). Woundwood formation was also shown 
to include the biosynthesis of secondary metabolites by parenchyma cells in C. japonica and P. taeda 
(Loblolly pine) (Nakaba et al., 2017; Shain, 1967). This agreed with our observations.  
Figure 6.8: Principal 
component analysis of the composition of ethanol extracts of E. bosistoana heartwood, woundwood 




The loadings of principle components give insight into the nature of the differences between the 
extracts. Principal component 1, which separated woundwood from sapwood and heartwood was 
dominated by the compound at the retention time 9.0 min followed by those at 11.2, 25.1 
(‘polyphenol’), 9.2 and 10.2 min (Figure 6.9). As the loadings were negative, ethanol extracts of 
woundwood contained less of these compounds.  
Similarly, Figure 6.10 represents the loadings of the second principle component, which differentiated 
sapwood from woundwood and heartwood. The loadings of the compounds at the retention times 9.1, 
9.2, 10.2, 11.5 (‘tentatively identified as hexadecanoic acid’) min were positive and therefore, 
sapwood contained higher amounts of these than heartwood and woundwood. The loadings of the 
compounds at the retention times 9.0, 9.9, 11.2 and 25.1 (‘polyphenol’) min were negative suggesting 
lower concentrations in sapwood than heartwood and woundwood.  
 
Figure 6.9: The loadings of principle component 1 separating the chemical composition of 






Figure 6.10: The loadings of principle component 2 separating the chemical composition of 
woundwood, sapwood and heartwood ethanol extract. Important compounds are highlighted in red 
boxes. 
Figure 6.11 shows variation in compounds between heartwood, woundwood and sapwood. 
Compounds at the retention times 31.0, 32.5, 33.2 and 34.0 min were present in heartwood and 
woundwood, but not in sapwood.  
Statistical analysis (ANOVA) showed significant variation in all the 36 compounds between ethanol 
extracts of heartwood, woundwood and sapwood near woundwood (Appendix 4). However, t-test 
revealed that some compounds occurred in the same concentration in two of the three extract types. 
Woundwood contained the same amounts of compounds eluting after 9.9, 11.2 and 20.5 min as 
sapwood (Appendix 5) and the same amount of the compound eluating at 19.2 min as heartwood 
(Appendix 6). This was in general consitent with observation by Vek et al. (2014), who reported 
differences in the extractive composition of woundwood and heartwood of F. sylvatica. Hydrophilic 
extracts of F. sylvatica woundwood were reported to consist of soluble sugars and phenolic 
compounds, e.g. catechin, which was different from extractives composition in heartwood.  
Similarly t-tests showed that E. bosistoana heartwood and sapwood differed in most of the quantified 








Figure 6.11: Box-and-whisker plots showing variation in amount of heartwood (HW, black), sapwood 
(SW, green) and woundwood (WW, grey) compounds in E. bosistoana. Compounds at the retention 
times 31.0, 32.0, 32.5, 33.2 and 34.0 min highlighted by a red box were absent from sapwood.  
The variation in heartwood, woundwood and sapwood compounds in E. bosistoana ethanol extracts 
from two families chosen for large (family 24) and small (family 2) wound reaction are shown as box-
plots in Figures 6.12 - 6.14. The significance of the difference in the abundance of each compound in 
the extracts of the two families was assessed by t-tests (Appendixes 8). Several compounds showed 
significant variability between both families, indicating genetic control over the chemical composition 
of wood extracts. However, of the compounds, which have been shown inhibit fungal growth 
(Chapter 5), only hexadecaonic acid contents differed significantly (P = < 0.001) in the woundwood 
between the two families. No statistical significant differences in contentations ofhexadeconic acid 
contents in sapwood and heartwood or the compound eluating at 10.2 min were found. It has to be 
kept in mind that the other heartwood compounds, not extracted with ethanol or quantified by GC, can 





Figure 6.12: Box-and-whisker plots representing variation in the amount of heartwood compounds 





Figure 6.13: Box-and-whisker plots representing variation in amount of woundwood compounds in E. 
bosistoana between two different families (F2–family with small wound reaction and F24-family with 





Figure 6.14: Box-and-whisker plots representing variation in amount of sapwood compounds in E. 
bosistoana between two different families (F2–family with small wound reaction and F24-family with 
large wound reaction). Compounds at the retention times 31.0, 32.0, 32.5, 33.2 and 34.0 min 
highlighted by a red box were not present in sapwood.  
6.4 Conclusion 
The extension of the axial wound response of ~1.6-year-old E. bosistoana was found to be under 
weak genetic control, with a heritability (h
2
) of 0.26 with a 95% credibility interval of 0.00 to 0.53. 
However, no correlation between the axial wound response in the ~1.6-year-old trees and heartwood 
features in 7-year-old trees was found. Therefore, it is not possible to assess heartwood formation 
early in an E. bosistoana breeding programme by measuring the axial wound response in ~1.6-year-
old trees.  
Microscopic observations showed the woundwood and heartwood of E. bosistoana showed 
parenchyma cells devoid of the storage material starch and vessels blocked with tyloses. Red shift of 
autofluorescence emission spectra indicted presence of extractives heartwood, in particular located in 
the parenchyma cells. Woundwood spectra were more similar to sapwood spectra and no preferred 




tissues and cell types was at longer wavelengths for a family chosen for large wound reaction 
compared to one chosen for small wound reaction.  
GC analysis showed variation in the composition of woundwood, heartwood and sapwood ethanol 
extracts of E. bosistoana. Woundwood extracts differed from sapwood more than from heartwood, 
suggesting some similarities between woundwood and heartwood and consequently indicating similar 
metabolic pathways. Further, the data indicated genetic control of the extractive composition as 
statistical significant differences in the abundance of compounds were found between two E. 
bosistoana families. Genetic control over the extractive chemistry is likely to reflect wood properties 
like natural durability or colour. These are important traits in the breeding programme of E. 
bosistoana. 
Finally, ethanol heartwood extracts of E. bosistoana contained large quantities of larger, hydrophilic 
compounds, for which the chosen analytical method of GC after silylation was not ideal. It is likely 
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1 18 1.02 0.48 47 5.15 2.42 47 14.14 17.97 127 
2 22 0.91 0.60 66 4.31 2.43 57 22.06 18.74 85 
3 22 0.85 0.28 34 3.97 2.13 54 17.81 21.21 119 
4 14 0.75 0.37 49 3.11 1.80 58 29.85 29.82 100 
5 17 1.21 0.74 61 5.13 3.80 74 10.50 14.01 133 
7 21 0.77 0.36 47 4.08 2.15 53 12.23 13.39 109 
14 20 1.23 0.90 74 5.88 1.39 24 19.05 19.93 105 
16 20 0.95 0.40 42 5.66 1.34 24 20.96 22.07 105 
18 19 0.95 0.31 33 5.17 2.19 42 28.84 23.20 80 
19 21 1.17 0.39 33 6.05 2.24 37 18.00 19.49 108 
20 17 0.91 0.33 36 5.19 1.23 24 21.00 22.79 109 
21 19 1.17 0.67 57 4.77 2.15 45 11.81 17.55 149 
22 12 1.14 0.54 48 3.49 2.21 64 11.08 17.39 157 
23 17 1.17 0.35 30 5.62 2.36 42 17.32 19.99 115 
24 21 1.05 0.38 36 5.46 2.41 44 30.94 25.17 81 
25 17 1.17 0.49 42 3.83 2.54 66 21.78 16.71 77 
27 18 0.91 0.66 73 4.87 1.72 35 29.92 22.17 74 
28 21 0.86 0.46 53 5.95 2.55 43 17.56 16.40 93 
31 20 1.10 0.40 37 4.22 3.34 79 18.45 17.76 96 
32 21 1.11 0.36 33 6.10 2.64 43 14.87 19.15 129 
40 15 1.00 0.36 36 4.395 1.85 42 18.10 23.40 129 
41 11 0.85 0.44 51 3.97 2.12 53 19.05 23.05 121 
42 15 0.84 0.43 51 4.50 2.27 50 16.41 18.18 111 
44 13 1.21 0.53 44 6.11 4.50 74 11.75 15.09 128 
49 18 0.94 0.44 46 5.84 2.66 46 10.58 12.06 114 
50 13 1.05 0.47 45 6.21 2.39 38 19.60 22.02 112 
51 8 1.64 0.67 41 6.03 1.86 31 14.57 15.59 107 




Appendix 2: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood 
(red) and sapwood (green) of E. bosistoana with retention times. 
 
Figure 1: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 1.5 and 6 min retention time. Indicated peaks (arrows) 







Figure 2: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 6 and 12 min retention time. Indicated peaks (arrows) 
at the retention times 7.8, 8.0, 9.0, 9.1, 9.2, 9.7, 9.9, 10.2, 10.9, 11.2, 11.5 and 11.7 min were selected 
for further analysis. Compound identified at the retention times 10.9 and 11.5 min by comparing the 






Figure 3: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 11.5 and 14.5 min retention time. Indicated peaks 
(arrows) at the retention times 12.5, 12.7, 13.7, 13.8 and 14.1 were selected from both the families for 
further analysis. Compound identified at the retention times 12.5 and 14.1 min by comparing the 






Figure 4: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 13.5 and 17.5 min retention time. Indicated peaks 








Figure 5: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 16 and 22 min retention time. Indicated peaks (arrow) 
at the retention times 19.0, 19.2, 19.5, 20.0, 20.5 and 21.5 min were selected from both the families 







Figure 6: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 21 and 26 min retention time. Indicated peaks (arrow) 
at the retention times 25.1 and 25.2 min were selected from both the families for further analysis. 
Compound identified at the retention times 25.1 and 25.2 min by comparing the chromatograms of E. 










Figure 7: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 27 and 31.5 min retention time. Standard (betulin) at 






Figure 8: Gas chromatograms of silylated ethanol extracts from heartwood (blue), woundwood (red) 
and sapwood (green) of E. bosistoana between 29 and 36 min retention time. Indicated peaks (arrow) 













Appendix 3: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana (red) 
and E. globoidea (blue) with retention times. 
 
Figure 1: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana (red) and E. 





Figure 2: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana (red) and E. 
globoidea (blue) from 7 to 16 min. Compound identified at the retention time 10.9 and 11.7 min 







Figure 3: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana (red) and E. 
globoidea (blue) from 9 to 14 min. Compounds identified at the retention times 12.5 and 14.1 min 








Figure 4: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana (red) and E. 








Figure 5: Gas chromatograms of silylated ethanol extracts from sapwood of E. bosistoana 
(red) and E. globoidea (blue) from 18 to 34 min. Compound identified at the retention times 
25.1 and 25.2 min (arrow) by comparing the chromatograms of E. bosistoana sapwood 
extracts with E. globoidea Schroettke (2018). Standard (betulin) at 27.9 min (arrow). 
 
Appendix 4: F-test (ANOVA) showing significant variation in the amount of compounds between 




2.2 < 0.001 
4.5 < 0.001 
4.8 < 0.001 
7.8 < 0.001 
8.0 < 0.001 
9.0 < 0.001 
9.1 < 0.001 
9.2 < 0.001 
9.7 < 0.001 
9.9 < 0.001 
10.2 < 0.001 
10.9  
(Tentatively identified as benzoic acid, 
3,4,5-tris[TMS(oxy)]-,TMS ester) 
< 0.001 











(Tentatively identified as hexadecanoic 
acid, TMS ester) 
< 0.001 






12.7 < 0.001 
13.7 < 0.001 
13.8 < 0.001 
14.1 
(Octadecanoic acid, TMS ester) 
< 0.001 
15.5 < 0.001 
16.3 < 0.001 
16.7 < 0.001 
19.0 < 0.001 
19.2 < 0.001 
19.5 < 0.001 
20.0 < 0.001 
20.5 < 0.001 









31.0 < 0.001 
32.0 < 0.001 
32.5 < 0.001 
33.2 < 0.001 
34.0 < 0.001 
 
Appendix 5: t-test showing significant variation in the amount of compounds between E. bosistoana 
woundwood and sapwood extracts. P values for the retention times shown in italics are not significant. 
 
Compounds  
(Retention times)  
P values 
2.2 < 0.001 
4.5 < 0.001 
4.8 < 0.001 
7.8 < 0.001 
8.0 < 0.001 
9.0 < 0.001 
9.1 < 0.001 
9.2 < 0.001 
9.7 < 0.001 
9.9 0.765 
10.2 < 0.001 
10.9 











(Tentatively identified as hexadecanoic 
acid, TMS ester) 
< 0.001 






12.7 < 0.001 
13.7 < 0.001 
13.8 < 0.001 
14.1 
(Octadecanoic acid, TMS ester) 
< 0.001 
15.5 < 0.001 
16.3 < 0.001 
16.7 < 0.001 
19.0 < 0.001 
19.2 < 0.001 
19.5 < 0.001 
20.0 < 0.001 
20.5 0.666 










Appendix 6: t-test showing significant variation in the amount of compounds between E. bosistoana 





2.2 < 0.001 
4.5 < 0.001 
4.8 < 0.001 
7.8 < 0.001 
8.0 < 0.001 
9.0 < 0.001 
9.1 < 0.001 
9.2 < 0.001 
9.7 < 0.001 
9.9 < 0.001 
10.2 < 0.001 
10.9 
(Tentatively identified as benzoic acid, 
3,4,5-tris[TMS(oxy)]-,TMS ester) 
< 0.001 
11.2 < 0.001 
11.5 
(Tentatively identified as hexadecanoic 

















12.7 < 0.001 
13.7 < 0.001 
13.8 < 0.001 
14.1 
 (Octadecanoic acid, TMS ester) 
< 0.001 
15.5 < 0.001 
16.3 < 0.001 
16.7 < 0.001 
19.0 < 0.001 
19.2 0.110 
19.5 < 0.001 
20.0 < 0.001 
20.5 < 0.001 










31.0 < 0.001 
32.0 < 0.001 
32.5 < 0.001 
33.2 < 0.001 
34.0 < 0.001 
 
Appendix 7: t-test showing significant variation in the compounds between E. bosistoana heartwood 





2.2 < 0.001 
4.5 < 0.001 
4.8 < 0.001 
7.8 < 0.001 
8.0 < 0.001 
9.0 < 0.001 
9.1 < 0.001 
9.2 < 0.001 
9.7 0.186 
9.9 < 0.001 
10.2 < 0.001 
10.9 
(Tentatively identified as benzoic acid, 
3,4,5-tris[TMS(oxy)]-,TMS ester) 
< 0.001 








(Tentatively identified as hexadecanoic 








12.7 < 0.001 
13.7 < 0.001 
13.8 < 0.001 
14.1 0.370 
15.5 < 0.001 
16.3 < 0.001 
16.7 < 0.001 
19.0 < 0.001 
19.2 < 0.001 
19.5 < 0.001 
20.0 < 0.001 
20.5 < 0.001 











Appendix 8: t-test showing significant variation in amount of woundwood, heartwood and sapwood 
compounds in E. bosistoana extracts between two different families (F2 and F24). P values for the 




Woundwood Heartwood Sapwood 
2.2 0.024 0.567 0.317 
4.5 0.664 0.345 0.016 
4.8 0.001 < 0.001 0.344 
7.8 0.008 < 0.001 0.936 
8.0 0.139 0.130 0.645 
9.0 0.001 0.003 0.568 
9.1 0.109 < 0.001 0.175 
9.2 < 0.001 0.001 0.071 
9.7 0.025 0.480 0.501 
9.9 0.119 < 0.001 0.738 










Woundwood Heartwood Sapwood 
10.9 
(Tentatively identified as benzoic acid, 3,4,5-
tris[TMS(oxy)]-,TMS ester) 
0.001 0.001 0.755 
11.2 0.003 < 0.001 0.020 
11.5 
(Tentatively identified as hexadecanoic acid, 
TMS ester) 
< 0.001 0.735 0.222 




< 0.001 < 0.001 0.033 
12.7 0.001 < 0.001 0.020 
13.7 0.002 < 0.001 0.007 
13.8 0.001 0.009 0.046 
14.1 
(Octadecanoic acid, TMS ester) 
0.002 0.122 0.008 
15.5 0.631 0.165 0.039 
16.3 0.002 0.221 0.004 
16.7 < 0.001 0.072 0.004 
19.0 < 0.001 0.009 0.242 
19.2 < 0.001 0.005 0.003 
19.5 0.009 0.457 0.024 
20.0 < 0.001 < 0.001 0.001 
20.5 0.001 0.002 0.066 
21.5 < 0.001 0.004 0.102 
25.1 
(Polyphenol) 
0.004 0.002 0.203 
25.2 
(Tentatively identified as beta-sitosterol TMS 
ether) 
 
< 0.001 0.021 0.021 
31.0 
< 0.001 0.940 
Not present in 
sapwood 
32.0 
0.002 < 0.001 




Not present in 
sapwood 
33.2 
0.029 < 0.001 
Not present in 
sapwood 
34.0 
0.011 < 0.001 
Not present in 
sapwood 
 
 
 
 
 
